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Statement of Disclaimer
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment
of the course requirements. Acceptance does not imply technical accuracy or reliability. Any use
of information in this report is done at the risk of the user. These risks may include catastrophic
failure of the device or infringement of patent or copyright laws. California Polytechnic State
University at San Luis Obispo and its staff cannot be held liable for any use or misuse of the
project.
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Executive Summary
This document summarizes the full design, manufacturing, test plans, test results, and conclusion
of the Cal Poly SLO 2021-22 Senior Project Wearable Spinal Cord Stimulator: Transcutaneous
Delivery of Electrical Stimulation for review by project sponsors Dr. Anastasia Keller and Dr.
Jeannie Bailey at the University of California, San Francisco.
The Background section includes an understanding of the project goals and customer needs, as
well as existing information that will influence the design process. This is conveyed through an
overview of how spinal cord stimulation therapy works and a review of customer meetings,
devices that are currently on the market, and patents, codes, standards, and regulations that will
offer guidance throughout the design process.
The scope of the project is defined in the Objectives section. Here, customer needs and
engineering specifications are defined, along with descriptions of their measurement strategies
and risks.
The Project Management section describes the overall design process, including key
deliverables and timelines. Using this research and customer conversations, the Project
Morphology and Concept Sketches were generated. The project morphology describes
potential concepts for each of the main functions of the device, and these individual concepts
were combined to make three concept sketches.
A front-runner concept was chosen based on Pugh’s Method for a decision matrix, and is
outlined in the Concept Evaluation section. Conceptual Models of the op-amp circuit, housing
system, and microcontroller waveform were generated based on the front-runner concept and
will be useful for future prototyping. The conceptual models were iterated and refined into
critical designs to better meet project goals.
Based on the critical designs, a manufacturing plan (provided in the Prototype Manufacturing
Plan section) was created for building a prototype. Instructions for Use were also created,
providing the user with specific steps for how to operate the device. Test plans (provided in the
Test Plan section) were generated in order to verify that the prototype meets our engineering
specifications. Once the prototype had been completed, the testing was carried out according to
the protocols and schedule outlined in the test plan. The results from the tests are outlined in the
Test Data and Analyses section, where it is also noted whether or not the test was passed based
on the defined pass/fail criteria in the test plan. Of the thirteen total tests conducted, seven
passed, three passed conditionally, and three failed. The results of the frist three passed tests
demonstrated that the stimulation waveform was consistent and matched the values set by our
engineering specifications by having less than a 5% difference between measured values for
frequency (both modulating and repetition) and burst width. The passed tests also indicated that
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the housing was durable (lasted five drops without breaking or electrical displacement),
lightweight (had an overall weight under 1 lb), and had a strong attachment between the device
and the patient (displacement of belt was less than 4 inches while running). Time constraints
prevented the complete testing of some engineering specifications – current amplitude, steps to
operate, and steps to remove device from body – but based on the initial data that was collected,
it is believed that the tests would have passed. These tests resulted in a “pass conditionally”
designation. For the three tests that failed, most centered around thermal failure of the op amp,
which prevented subsequent battery life testing and required additional components to be added,
thereby increasing the total size of the device.
The implications of the test data and their implications for the future of the device, including
areas for future improvement, are explored in the Discussion section, which leads to concluding
remarks on the overall process of designing a wearable spinal cord stimulator for transcutaneous
delivery of electrical stimulation (provided in the Conclusion section). Additional material is
provided in the Appendix, with the specific material contained in it referenced throughout the
report.

Introduction
Over 23% of American adults suffer from lower back pain (LBP), with this number increasing
each year [1]. The prevalence of this condition creates an immense burden on the economy and
on personal quality of life. An estimated 149 million days of work per year are lost due to LBP
and over $100 is spent annually on care. This condition is the second most common cause of
disability in US adults and 20% of cases develop into chronic LBP (cLBP) that can affect
patients for a lifetime [2, 3].
The most common treatments for those suffering from LBP are medication, physical therapy, and
surgical intervention [4]. Medication often involves long-term use of opioids that can have short
term efficacy for chronic back pain relief, but have not been proven to benefit patient function
and long term relief. These drugs are also highly addictive and overdose mortality rates in the US
have risen along with their prescription rate [5]. Although some studies have shown that physical
therapy can result in acute pain relief, there is insufficient data to conclusively state that physical
therapy is an effective treatment for cLBP [6]. However, spinal cord stimulation (SCS) is
traditionally a surgical treatment that has been shown in dozens of studies to effectively reduce
pain and allow patients to be active again [7]. SCS delivers electrical stimulation to the dorsal
columns of the spinal cord, interrupting pain signals and blocking them from reaching the brain
[7].
Although SCS is typically delivered through an implanted pulse generator with epidural
electrodes, recent studies have applied non-invasive transcutaneous spinal cord stimulation
(tSCS) through a configuration of stimulating electrodes on the skin attached to an external
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stimulator [8]. Eliminating implantation would eliminate the complications due to surgical
equipment failure, implantation site infection, lead migration and breakage— which 34% of
patients experienced at least one of— as well as the risk of traumatic injury to the spinal cord by
electrode insertion [9]. So far, studies have demonstrated that tSCS is effective in enabling motor
functions in paralysis patients, but this therapy may also treat cLBP. The sponsors of this
project— Dr. Anastasia Keller and Dr. Jeannie Bailey at UCSF— are currently exploring this
potential by conducting research on transcutaneous spinal cord stimulation therapy. They
administer 20-30 minutes of stimulation 3 times a week for 4 weeks with the aim of decreasing
visual analogue scale (VAS) scores, ultimately decreasing patient pain levels and reducing their
need for pain medication.
After this tSCS research is conducted, Dr. Keller and Bailey would like to expand the use of
tSCS for non-specific low back pain from in-lab treatment to a wearable device. The device
currently being used in research must be adapted so that patients can wear and use it without
inhibiting basic daily functions. The goal of this project was to create a wearable device capable
of safely transdermally delivering a stimulating current to the lower back region. The electronics
and attachment system were configured so that housing dimensions, total weight, and length of
electrode leads do not inhibit the patient’s movement. Those who interact with this product—
including our project sponsors, medical professionals, and patients— must be satisfied with the
device’s ability to perform these goals.

Background
The target customers for this device are individuals with cLBP. Given that cLBP is one of the
leading causes of disability worldwide, with significant effects on the quality of life of those who
have it, this is a large customer base [10]. As mentioned in the introduction, pain is often
mitigated by taking some form of medication; the CDC found that almost 11% of all US adults
used at least one form of prescription pain medication in the last 30 days [11]. Alternative
treatment options often involve surgery and have a higher level of risk. Therefore, there is a
consumer need for new treatment options using alternative forms of pain management, such as a
wearable spinal cord stimulation device.
The sponsors are also a target customer. Their focus is providing transcutaneous delivery of
electrical impulses to the spinal cord (tSCS) through a wearable device instead of the
traditionally-used implantable device, making this form of treatment non-invasive. Currently, Dr.
Bailey and Dr. Keller have access to a device that can provide tSCS, but is not wearable. The
focus, as discussed in meetings with the sponsors, was a wearable device that would allow
patients to continually manage their pain without prescription medications or surgery. This form
of treatment would provide accessible, convenient pain relief.
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Understanding how SCS works to mitigate pain is crucial to the process of designing a tSCS
device. In an implantable SCS device, electrode leads are placed in the epidural space and a
pulse generator sends current through the leads to nerves along the spinal cord. The current
interrupts the pain signal and prevents it from reaching the brain, where it is perceived [12]. The
current understanding of pain perception can be explained using the Gate Control Theory. This
theory suggests that substantia gelatinosa in the dorsal horn of the spinal cord acts as a “gate,”
modulating how sensory information from primary afferent neurons is transmitted into
transmission cells that can carry the sensory information to the brain. This “gate” can be opened
or closed by the activity of large and small fibers, where large-fiber activity closes the gate and
small-fiber activity opens it. When nociceptors (pain receptors) experience stimuli of a certain
threshold, the gate is opened and the pain signal is sent to the brain where it is received [13].
Therefore, the perception of pain may be controlled by either increasing inhibition or decreasing
excitation. SCS devices for pain management are able to capitalize on this mechanism of pain
inhibition by stimulating (and therefore increasing activity in) the large-fiber nerves to keep the
“gate” closed [14].
In order to generate electrical signals for SCS, certain components within the SCS device must
be controlled and optimized. SCS devices often use bursts of pulses instead of one continuous
pulse, as this pulse form has been reported to reduce neuropathic pain more efficiently than tonic
SCS and does not generate paresthesia in most patients [15]. Factors such as the frequency, burst
pulse width, and amplitude of the stimulation, as well as electrode placement, can all impact how
well SCS mitigates pain in a specific patient. One study found that neuronal firing showed a
reduction with each increase in the pulse number, pulse width, and amplitude [16].
Before designing a device that can provide tSCS, evaluating currently existing devices was
necessary. There are currently multiple spinal cord stimulation (SCS) devices available on the
market. The Boston Scientific Spectra WaveWriter is an implantable device with a similar
function to the wearable spinal cord stimulator device— treatment of chronic, lower back pain.
This device consists of electrodes placed in the epidural space near the spinal cord that generate
electrical impulses below the threshold of perception (paresthesia-free) to nearby nerves,
interrupting the pain signal from reaching the brain [17].
Medtronic has a similar SCS device for pain relief called Intellis Internal Neurostimulator. This
device uses the same method: implanting the device and placing the electrode leads in the
epidural space. One advantage of the Medtronic device is that the battery is rechargeable, thus
extending the life of the device and minimizing the need for a replacement (which would need to
be done surgically for other devices) [18]. The Proclaim Elite device from Abbott Laboratories is
another implantable device with a similar design to the previous two devices [19].
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Although implantable devices are arguably the industry standard for SCS, there are a few
companies looking at non-invasive neuromodulation devices. For example, the transcutaneous
Spinal Direct Current Stimulation device from Soterix Medical is a device that delivers current to
user-defined locations based on their needs via external electrodes. This is currently an
investigational device used in a clinical trial to study how transcutaneous spinal direct current
stimulation can improve movement after a spinal cord injury (SCI) [20].
OMRON Global has similar transcutaneous electrical nerve stimulation (TENS) devices focused
on relieving pain from sore or aching muscles, such as the Pocket Pain Pro TENS Unit. This
device operates similarly to the implantable SCS devices, where electrical pulses interrupt a pain
signal. In this case, however, the electrical pulse is delivered to surrounding muscles instead of to
the spinal cord. According to OMRON global, studies also suggest that pain relief can come
from the electrical pulses increasing the body’s production of endorphins—which act as a natural
painkiller— or by improving blood circulation [21].
Table I below summarizes the existing devices for pain management using electrical stimulation.
Table I - Summary of Existing Devices
Company Name

Device Name/Model

Description

Boston Scientific

Spectra WaveWriter

Implantable SCS device to
treat chronic pain

Medtronic

Intellis Internal
Neurostimulator

Rechargeable SCS device to
treat chronic pain

Abbott

Proclaim Elite

Implantable SCS device to
treat chronic pain

Soterix Medical

transcutaneous Spinal Direct
Current Stimulation

SCS device with electrodes
placed transcutaneously;
currently looking at its use in
improving locomotion after
an SCI

OMRON

Pocket Pain Pro TENS Unit

Transcutaneous electrical
stimulation device that sends
electrical pulses through the
skin to relieve pain in sore or
aching muscles

As discussed above, there are devices currently on the market that operate using SCS. There are
also numerous patents and patent applications that operate on similar premises. Table II below
lists the title, number, and description of patents and patent applications that describe a similar
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mode of action. Additionally, listed in this table are the discrepancies between what is described
in the patent and what was included in this project based on the parameters discussed with the
sponsor. This is done to identify and reduce the potential for infringement.
Table II - Existing Patents of Similar Devices
Patent Title

Number

Description

Discrepancies

Devices and methods
for nerve stimulation

11,123,545

An externally housed
stimulator with leads
extending from it to
deliver nerve
stimulation

Pulse frequency;
voltage-driven
instead of
current-driven; pulse
duration [22]

Treatment of
neurodegenerative
disease with high
frequency
stimulation, and
associated systems
and methods

11,123,565

A system to treat
patients with
neurodegenerative
disorders by applying
an electrical signal
positioned in the
patient's brain or
spinal cord (or both)

Signal frequency;
placement of
electrodes [23]

Implantable
neurostimulator-impl
emented method for
managing
tachyarrhythmia
through vagus nerve
stimulation

11,097,106

An implantable
neurostimulator for
treating patients with
tachycardia that uses
a pulse generator to
deliver electrical
signals to the
patient’s vagus nerve

Location of electrode
placement (target
nerve); method of
electrical signal
delivery; intended
disorder to be treated
[24]

Paresthesia-free
spinal cord
stimulation occurring
at lower frequencies
involving perception
threshold
determinations

17/347348

A method for testing
and treating patients
with spinal cord
stimulation with
electrical signals
lower than the
perception threshold

Electrodes are
specifically used for
paresthesia-free
spinal cord
stimulation instead of
high-frequency
stimulation; design
has additional
components (i.e.
adjusts amplitude to
find the ideal spot)
[25]

Devices and methods
for electrical

16/597188

Method for
modulating the vagus

Target nerve for
modulation;
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stimulation and their
use for vagus nerve
stimulation on the
neck of the patient
Nerve stimulation
devices and methods

16/838451

nerve by delivering
an electrical impulse
from an electrode in
contact with the outer
skin

modulation frequency
[26]

Method treating a
patient by delivering
an electrical signal to
a target nerve

Frequency of
electrical signal;
implantable signal
generator [27]

Another aspect of designing a safe and effective device was looking at codes, standards, and
regulations that can offer guidance for doing so. Table III lists applicable industry codes,
standards, and regulations for a transcutaneous spinal cord stimulation device.
Table III - Applicable Industry Codes, Standards, and Regulations
Name

Number

Group

Description

Medical Electrical
Equipment

ANSI/AAMI

American National
Standard/Association
for the Advancement
of Medical
Instrumentation

Outlines the general
requirements for
safety and
performance
standards for medical
electrical equipment
and medical electrical
equipment used at
home [28]

Transcutaneous
Electrical Nerve
Stimulators

ANSI AAMI
NS4:2013(R)2017

American National
Standard/Association
for the Advancement
of Medical
Instrumentation

Outlines the labeling,
safety, and
performance
requirements and
referee tests of
transcutaneous
electrical stimulators
that are to be used for
pain relief [29]

Transcutaneous
electrical nerve
stimulator for pain
relief

21CFR882.5890

Code of Federal
Regulations

Outlines what a
transcutaneous
electrical nerve
stimulator device is
[30]

Transcutaneous

A4595, A4630,

Healthcare Common

Medical codes for

HA60601-1-11-2015
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electrical nerve
stimulator device

E0720, E0730,
64550, 0278T

Procedure Coding
System

components of a
transcutaneous
electrical nerve
stimulator device [31]

Biological evaluation
of medical devices

ISO 10993

International
Standards
Organization

Guidance on tests for
biocompatibility [32]

Objectives
The purpose of this project was to design and prototype a wearable spinal cord stimulator
capable of delivering transcutaneous electrical stimulation to manage cLBP by the end of the
biomedical engineering senior project design class in March, 2022. The stimulator should be
smaller than the current device— Neo-Stim 5 Transcutaneous Spinal Cord Stimulator— in use
by Dr. Bailey and Dr. Keller for research.
The scope of the project included developing a prototype for the wearable housing of the
stimulator, as well as a prototype of the electronics to deliver the stimulation. The project did not
include bringing the device through the FDA process or manufacturing beyond prototyping.
However, the FDA process and manufacturing, as well as future adjustments to the project were
be considered in the design.
As briefly mentioned in previous sections, the sponsors would like a wearable spinal cord
stimulator that is smaller than their current device. Qualitative requirements included providing
safe, transcutaneous electrical stimulation via a modifiable square pulse waveform that is easy to
control and operate. The housing of the device should be flexible and allow for patients to
complete exercises while still providing an appropriate stimulation. Additionally, the housing
should be easy to wear and remove. Further descriptions, and quantification, of the needs can be
found in the Engineering Specification Table (Table IV) and the House of Quality (Appendix A).
The Quality Function Deployment (QFD) process was used to translate the needs of the sponsor
to specifications with numerical values using a House of Quality (Appendix A). QFD identifies
customers, the requirements of the customers, the relative importance of the requirements,
evaluates competition, generates engineering specifications related to the customer needs, sets
targets, and identifies relationships between engineering specifications.
During meetings with the sponsor, the requirements were discussed and consolidated into a list
of needs which were placed into the House of Quality. Specifications strongly correlating to each
need were listed in a corresponding section, with the relationship between the need and the
specification indicated in between the two on the House of Quality. Additionally, during this
process, current devices were compared to the needs of the sponsor and evaluated based on how
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well they meet those needs. Relationships between the specifications were identified at the top of
the House of Quality, using a “+” to indicate that meeting one specification would help meet the
other; “-” indicates that the specifications counter each other. At the bottom, the relative
importance of each specification was calculated and is shown as a percentage value for each of
the identified customers. The bottom two rows of the chart show the target values identified. The
specifications resulting from this process are summarized in Table IV below. In Table IV,
compliance describes how it will be determined if the goal is met; A = Analysis, S = Similarity
to existing design, T = Test, I = Inspection.
Table IV - Engineering Specifications Table.
Spec. #

Parameter
Description

Parameter or
Target (units)

Tolerance

Risk

Compliance

1

Range of
current
amplitude

0 - 50 mA

±1 mA

High

T, A

2

Modulating
frequency

4-10 kHz

±5%

High

T, A

3

Repetition
frequency

1-99 Hz

±5%

High

T, A

4

Pulse width

0.1 - 2 ms

±5%

High

T, A

5

Weight of total
device

1 lb

+5%

Medium

T

6

Battery life

30 min

±5%

Medium

T, A, S

7

Housing
volume

30 in^3

+5%

High

T, A, I

8

Housing
durability

5 test cycles
(drops)

Binary

Low

T, I

9

Strength of
attachment to
body

5 min running

Binary

Low

T, I

10

Steps to
remove from
attachment
system

3 steps

Binary

Low

I
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11

Steps to
remove from
body

3 steps

Binary

Low

I

12

Prototype cost

$500

Binary

Medium

I,A

13

Thermal
threshold of
op-amp

<125 °C
internal
temperature

Binary

High

T

Each parameter outlined was measured to ensure it met the target value. Housing volume was
measured with a water displacement test once the prototype was assembled, which was visually
inspected to be small enough to be attached to the patient. Prior to assembly, the dimensions
were modeled and measured in SolidWorks. The weight was measured after the prototype is
assembled using a scale, but it was estimated prior to assembly by weighing each component.
The number of steps to operate and remove the device were be manually counted.
The electrical specifications (amplitude, frequencies, pulse width) were measured using an
oscilloscope. The battery life was measured by running the stimulator continuously at a constant
current until it requires charging or replacement. Prototype cost was measured by keeping a
record of the project costs.
The majority of high risk specifications were related to the electronics in the stimulator, as the
electronics are particularly important to meeting the objective. If they do not meet the
specifications, transcutaneous stimulation will not be able to be applied and may pose a safety
risk to the user. The high risk parameters include:
●

●
●
●
●
●

Battery life - Battery life is directly related to how well and long the device can
provide stimulation. Additionally, the size of the battery is a large factor in the
weight of the device. The battery composition is also important to the safety of
the device.
Current amplitude - Current is responsible for stimulating the spinal cord.
Delivering enough current is critical for the device to work.
Pulse width - Pulse width is important in creating a pulse waveform that delivers
the current for the correct amount of time.
Modulation frequency - A high modulation frequency allows the application of
higher currents than would be possible with a DC pulse.
Repetition frequency - This is the frequency of the pulses and is related to battery
life, and applying the correct amount of current.
Housing dimensions - The dimensions include the external size of the device.
They contain the electronics and will be placed on the body of the patient.
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A majority of the budget and timeline was spent on the electronics to help us meet the desired
specifications. To minimize any safety issues, safety shut-offs were incorporated into the design
to prevent short circuits in the housing (as well as at the electrodes), applying a stimulus with a
high amplitude for too long of a duration, and preventing improper battery charging or use. In
addition, the design and testing of the electrical systems was based on the FDA’s recommended
guideline for medical electrical equipment used in the home healthcare environment
(ANSI/AAMI 60601-1-11:2015), as well as guidance from the Code of Federal Regulations Title
21 (21CFR882.5890). See Table III above for more specific details on the standards.
The dimensions of the housing were also high risk because they are critical to this project and are
directly tied to making the stimulator wearable. The size of the housing was largely dependent on
the size of the electronics, which accounted for the majority of the resources for this project.
Developing functional electronics included having those electronics fit within reasonable
housing dimensions. The size of the electronic components was a large factor in their selection.
Based on conversations with the sponsor, background research, and the engineering
specifications, the Indications for Use of this device are as follows below.
Indications for Use
Application of transcutaneous spinal cord stimulation (tSCS) by the device for patients
experiencing lower back pain is indicated as an aid in the management of non-specific, chronic
lower back pain and can be safely applied for up to 40-60 minutes. Etiologies may include, but
are not limited to, failed back surgery syndrome, intractable lower back and leg pain,
arthropathy, and discogenic, facetogenic, and myofascial pain. Patient inclusion criteria is
persistent chronic low back pain for at least 3 months, pain intensity >4 as measured by Visual
Analogue Scale (VAS, 1-10), ages >18, and any sex/gender. Exclusion criteria: presence of an
implantable spinal cord stimulator, or inability to tolerate electrical stimulation (TENs or NMES)
in the past.

Project Management
This project included research into the electrical components such as microcontrollers,
digital-analog converters, buck-boost converters, voltage-current converters, amplifiers,
batteries, and power transistors. The components, after subjection to selection criteria, were
modeled using circuit modeling software (i.e. Spice, SolidWorks, etc). The generated CAD
model was used to finalize the circuit schematic. In parallel, we designed the housing and
attachment mechanisms around the circuit model. Once designs were finalized for the housing,
attachment method, and circuit schematic, the materials and electrical components were either
built or purchased.
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The design process that we went through to complete this project can be broken down into the
six phases of design. In the product discovery phase, the need for a tSCS device that can be
comfortably worn and used to treat LBP was established as the basis for this product. Time and
resources are allocated with an emphasis on the electrical components to ensure the primary
function of treating cLBP. An emphasis is also placed on housing configuration to provide the
wearable function. In the project planning phase, a Gantt chart was created to establish a
schedule and determine the critical path of the project (Appendix B). A preliminary budget table
was also created to estimate the cost of the project (Appendix C). Product definition was broken
down in a House of Quality to identify customers and develop the specifications for customer
requirements (Appendix A). A conceptual design was created through the use of a morphology
to develop concepts. Concept selection was conducted using a Pugh matrix shown in Table VII.
Components, materials, manufacturing processes, and designs were analyzed quantitatively
according to their fulfillment of the specifications outlined in Table IV. Each specification was
weighted according to its corresponding importance in the House of Quality (Appendix A).
Concepts were rated by each team member (Appendix D), which was then averaged in Table VII.
The codes, standards, and regulations outlined in Table III will also influence the decision for
each category.
After design selection, product development began and the electronics of the project went
through three stages of prototyping before the final assembly. The circuit design was prototyped
using a breadboard, solder-wired circuit board, and a printed circuit board before it is integrated
into the final prototype. The circuit was tested before assembly and then again in the final test for
the whole project. Beyond the prototype and the scope of this project, the device would need to
be reassessed for compliance with the codes, standards, and regulations outlined in Table III as
well as any other standards or regulations according to FDA guidelines for medical electrical
equipment. The design then enters the product support phase where support and information
would be provided for manufacturers, vendors, and customers.
Future steps in this project would include the FDA process, refining the prototype for
manufacturing, adding inertial measurement units (IMU), and developing an app that can modify
the stimulation.
Based on the design process, key deliverables and the timeline for the modeling phase of this
project is outlined below in Table V.

16

Table V - Key Deliverables and Project Timeline
Key Deliverables

Description

Deadline

Models of Housing and
Attachment Mechanisms

Create CAD models of the housing and attachment
mechanisms.

October 27,
2021

Models of Circuit and
Circuit Board

Create both a CAD model and a schematics model
of the circuit.

October 23,
2021

Finalize Circuit Design
Schematic

Edit and rearrange the CAD model and schematics
until the design sufficiently satisfies criteria.

November
2, 2021

Prototype Housing and
Attachment Mechanisms

Determine manufacturing method and develop
prototypes for both mechanisms

February 9,
2022

Prototype Iterations of
Circuit Board

Create breadboard, solder-wired, and PCB
prototypes and determine final process for
manufacture

January 27,
2022

Finish Final Prototype

Complete component prototyping and final
assembly

February
23, 2022

Figure 1 below summarizes the network diagram and critical path for the first quarter of senior
design. The critical path follows the electronics design of the project. Should a task on the
critical path proceed beyond its estimated time constraint, more flexible critical tasks such as
system assembly can be shortened to compensate. Should it be necessary, the solder-wired PCB
prototype could also be omitted to shorten circuit prototyping. More detailed information of the
tasks and schedule can be found in the Gantt chart in Appendix B.

Figure 1. Network Diagram. Blocks include the general description for tasks or groups of tasks
involved in the design process of this project. Approximate completion time in days is denoted in
parentheses below the description. The blocks and corresponding arrows of the critical path are
shaded and bolded.
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The current budget of $500 was be allocated across two main categories: electronic and
mechanical. Electronic components included a battery, output driver, signal generator, display,
leads, and other circuit components. The total funds used to supply the electronics was $391.72.
The mechanical category includes the housing and corresponding material, fasteners, cable
housing, attachment system from the device to the patient (the belt); which accounts for $74.42
of the budget. Together electronics and mechanical components account for $466.14 of the
current budget, allowing for about $33.00 of adjustment if needed. The full outline of the budget
is located in Appendix C.

Morphology
The project morphology was created in order to generate comprehensive concept sketches to be
used for final concept designs. The morphology was divided into functions and components
necessary to the success of the project: amplifying the signal and converting voltage signal to
current signal, microcontroller boards, boost converter, display, power source, charging method,
attachment to body, device attachment to belt, and housing closure system. Various concepts
were brainstormed to fulfill each function and to match each component requirement. The
concepts were recorded with their key specs and how they operate. Table VI below summarizes
the project morphology.
Table VI - Project Morphology
Function

Concept 1

Concept 2

Concept 3

Concept 4

Concept 5

Concept 6

Amplify
signal and
convert input
voltage signal
to output
current signal

Voltage
controlled
current source

Transconductan
ce amplifier

Voltage-to-curr
ent converter
circuit with
BJT

High-voltage
op amp

Power
operational
amplifier

Input voltage:
1.2V to 40V
Max output
current: 200
mA
Model:
LT3092
(Analog
Devices)

Input voltage:
5V to 13V
Max output
current: 60 mA
Model: OPA860
(Texas
Instruments

Voltage-to-curr
ent converter
circuit with a
Darlington
transistor

Input voltage:
0V to 10V
Max output
current: 1A
Part numbers:
TLV9102,
2N5686

Input/supply
voltage: 4.75V
to 140V (for
single supply)
High current
drive: 50 mA

Arduino nano

Arduino Nano
33 BLE

ESP32-PICOKIT

Microchip:
nRF52840
Bluetooth
capabilities

Microchip:Esp
32
Bluetooth &

Microcontroller
boards

Microchip:AT
Mega32 TFT
compatible
Need driver
for bluetooth

Input voltage:
0V to 10V
Max output
current: 5A
Part numbers:
OPA2991,
PBSS4580PA
(x2)

Part number:
LTC6090
(Linear
Technology)

Input/supply
voltage: up to
200V (for
single supply)
Part number:
MP38 (Apex
Microtechnolo
gy)
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Boost
converter

Walfront
900W DC to
DC Boost
Converter,8-6
0V to
10-120V

Min: 10V
output
Max: 120V
output
alternate
device link

Not TFT
compatible

wifi
TFT
compatible but
tricky

Teyleten Robot
600W
Aluminum Plate
DC-DC Boost
Converter
Adjustable 10A
Step Up
Constant
Current Power
Supply Module
Led Driver for
Arduino

DC-DC Boost
Converter
8-32V to
45-390V High
Voltage ZVS
Capacitor
Charging
Board 220V
110V

Min:10V
Max:60V

Display

OLED

TFT LCD

Size: 128x64
pixels

TFT Arduino
nano shield

datasheet

Min: 45V
Max: 390V
Monochrome
LCD
Size: 16x2
pixels

Size: 320x240
pixels (2.8 in)
Sealed Lead
Acid
EnerSys
HAWK08100004
Voltage: 2V
Capacity:
2.5Ah
Dimensions
(in): 1.25diam
x 2.675
Weight:
0.3996 lbs
Total Energy:
5 Whr

Panasonic
Li-Ion
NCR18650BD

Charging
method

Replacemen
t battery

Internal
charging

External
Charging

Attachment
to body

Belt

Wrist strap

Adhesive:

Adjustable Belt

Wrist Strap Source

Power source

Voltage: 3.6V
Capacity:
3180mAh
Dimensions
(in): 0.72diam x
2.57
Weight: 0.11lbs
Total Energy:
11.45Whr

Li-Ion
LI-9V500
Voltage: 7.4V
Capacity:
500mAh
Dimensions
(in): 1.05 x
1.94 x 0.7
Weight: 0.106
lbs
Total Energy:
3.7 Whr

LiFePO4
LFP-10040453C
Voltage: 3.2V
Capacity:
1100mAh
Dimensions
(in): 1.83 x
1.62 x 0.402
Weight: 0.064
lbs
Total Energy:
3.52Whr

Li-Ion Button
LIR2450

Polymer Li-Ion
PL-402248-2C

Voltage: 3.6V
Capacity:
110mAh
Dimensions
(in): 0.97diam
x 0.2
Weight: 0.013
lbs
Total Energy:
0.396Whr

Voltage: 3.7V
Capacity:
400mAh
Dimensions
(in): 1.9 x 0.9 x
0.2
Weight: 0.021
lbs
Total Energy:
1.48 Whr
UN38.3 &
IEC62133:201
2
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With Buckle
Source

Device
attachment to
belt

Velcro:

Loop
Attachment:

Pouch:

Clip:

Housing
closure
system

Screws:

Interference:

Hinge +
latch:

Hinge +
interlocking:

Concept Sketches
The quantitative and qualitative requirements discussed in the Objectives were key
considerations when brainstorming and selecting concepts. Some of these concepts and
components were changed later on for various reasons, please see the Critical Designs section
for the finalized version.
In the first concept, the main power supply came from a Panasonic lithium-ion battery listed in
Concept 2 of the morphology (Table V1). This battery option was chosen because it is the
smallest battery option and has the most capacity. Therefore, it has the best battery life when
compared to the other batteries. Additionally, this battery is from a name brand, which is more
reputable than a non-name brand, and has already met the testing requirements for the FDA.
Although the battery will supply power, it cannot supply a high enough voltage to apply the
desired current. To provide the required voltage a boost converter was used. The selected boost
converter provides the necessary voltage and is the second-smallest booster option.
For the amplifier, the op-amp configuration in concept 5 was chosen because it can operate with
the power supply necessary. Other op-amps explored maxed out at a voltage supply voltage at
around 40V, which is not sufficient for the purposes of this project. The circuit using the op-amp
from concept 2 was used because it is a relatively simple circuit design that can convert the input
voltage signal to a current signal. This amplifier also operates in a way that does not require the
load resistance to be known. Since load resistance is the resistance of the skin, and this is a value
that varies in different situations, it is valuable to use a circuit that does not rely on having a
known resistance.
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External charging was chosen for the battery because it improved patient safety. Doing the
charging and battery testing ourselves is not feasible. An OLED screen display was chosen
because it is the simplest to implement while still allowing functionality. Based on this display,
the microcontroller chosen was the Arduino Nano, as it is compatible with the display.
Additionally, this microcontroller is small, which is desirable for a wearable device, and
powerful enough to support the op-amp.
For the housing, a belt was chosen as the main form of attachment for securing the electrical
components to the body. This is simple to operate and take on/off and does not restrict movement
when it is on, which is important for wearable device usability. A pouch system was chosen to
attach the electrical housing to the belt, due to its detachability and relatively secure connection,
as well as its relative ease of implementation and adding it to the belt. Finally, the screw system
was chosen for the housing closing system because they provide the most secure closure. A
block diagram of Concept 1 is illustrated below in Figure 2.

Figure 2. Block diagram containing electronics and housing morphologies for Concept 1.
Similar design constraints, like size and sufficient power supply, were considered for the second
concept. In this concept, the main power supply came from a polymer lithium-ion battery shown
in concept 6. This battery option was chosen because it is small enough and it is IEC 62133
certified which is the recommended consensus standard by FDA. The same boost converter
chosen in Concept sketch 1 was used.
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The same amplifier set up as Concept 1 was used, but the op-amp in the circuit was changed to a
power amplifier. Using a power amplifier would allow the circuit to handle higher currents and
voltages. However, this op amp is larger and more expensive than the one in Concept sketch 1.
External charging was chosen for the battery because the battery we used is compatible with
external charging. The microcontroller chosen was the Arduino Nano 33 BLE because it has a
bluetooth and additional features that are designed for wearable device prototypes, which can be
valuable in a wearable device. Additionally, this microcontroller is smaller than the one used in
Concept 1, which is desirable for a wearable device. Because we used this microcontroller, we
chose to use an OLED display because that is compatible with the microcontroller.
For the housing, similar to Concept 1, a belt was chosen as the main form of attachment for
securing the electrical components to the body. A loop system was chosen to attach the electrical
housing to the belt, due to its secure connection and ease in removing the device from the belt.
Finally, the hinge and latch system was chosen to close the housing because it provides a secure
connection, is a simple concept, and is easily opened and closed. Figure 3 below shows the block
diagram for Concept 3.

Figure 3. Block diagram containing electronics and housing morphologies for Concept 2.
In Concept 3, the chosen main power supply was the Panasonic lithium-ion battery. The selected
boost converter is the same one chosen in Concepts 1 and 2, as it provides the necessary voltage
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and is the second-smallest booster option. This allowes the necessary voltage to be supplied and
supply the op-amp.
The circuit design in concept 4 was chosen because it can handle the desired current value
(100mA), and avoids sending current directly through the op amp. Internal charging was chosen
for the battery for the same reason as in Concept 1. Also similar to Concept 1, a touch screen
display (TFT-LCD) was chosen. Based on this display, the microcontroller chosen was the
ESP32.
For the housing, a belt was chosen as the main form of attachment for securing the electrical
components to the body. A hook system was chosen to attach the electrical housing to the belt,
due to its detachability and usability. Finally, the hinge and interlocking system was chosen for
the housing closing system because it provides a secure closure while being easy to open/close.
A block diagram for this concept is shown in Figure 4 below.

Figure 4. Block diagram containing electronics and housing morphologies for Concept 3.

Concept Evaluation
After narrowing the design down to three concepts, a decision matrix (Pugh’s Matrix) was
created for a quantitative evaluation and comparison. Each concept was ranked on a scale from
-1 to 1 (including ±0.5) of how well it compared to the tSCS device the sponsors currently have,
which acted as a baseline, for each of the engineering specifications listed in Table IV. The
specifications were all weighted out of a scale of 100 to determine the relative importance of
each. All group members weighed the specifications and ranked each concept individually, and
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then came together and discussed results as a group. The individual Pugh Matrix weighting and
ranks were all averaged to generate an overall Pugh Matrix and determine the leading concept.
The individual Pugh matrices are given in Appendix D, and the overall Pugh Matrix is given
below in Table VII.
Table VII - Overall Pugh Matrix for Concept Evaluation

The front-runner concept— in both electronics, housing— is shown above to be Concept 1. This
concept was selected because the electronics are the simplest to understand and implement, while
still meeting the required specifications of amplitude and frequency. The power supply for this
concept is also the smallest, has enough voltage to supply the op-amp, and has the largest
capacity. It is also name-brand, and meets the FDA’s recommended consensus standards. This
concept also included an OLED display, which is the simplest to implement. The same concept
was also chosen for its housing and attachment system. It uses screws to attach the top and
bottom, which is the most secure option. A pouch is used to attach the housing to the belt, which
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is the easiest to remove the housing from and is relatively easy to implement. The concept is also
cheaper than the other options because of the op-amp.
As mentioned earlier, the concept was chosen using the average of all the individual Pugh matrix
ratings. Concept 1 scored the best for the majority of the categories. Additionally, when filling
out the Pugh matrix, team members discussed each function listed on the methodology and
compared them with the engineering specifications. This helped define the pros and cons of each
component within the concepts and how they compared.
The concepts were further evaluated for potential failure modes and risks using a failure modes
and effects analysis (FMEA). Each potential failure or risk was evaluated for its occurrence rate,
detection rate, and severity. Those values were multiplied to get the risk priority number for each
failure mode. Each mode was provided with potential recommended actions and assigned a
person responsible for ensuring those actions are followed. See Appendix E for the full FMEA.

Conceptual Models
Prior to prototyping, conceptual models were constructed on three main device components—
amplifier and voltage converter, housing, and microcontroller. These models helped verify
theoretical calculations, microcontroller capabilities, and the component spatial organization.
The main goal of the op-amp circuit was to convert the input voltage signal from the battery to a
current signal that can be delivered to the patient. A maximum electrical stimulation of 100mA
was ideal; the circuit below in Figure 5 shows the theoretical calculations that verified this is
possible with an input voltage of 5V. The op-amp in this circuit was not limited by the supply
voltage, making this the ideal case. The load resistance in this circuit represented the resistance
of the patient’s skin; therefore, the current going through this resistor represented the stimulation
delivered to the patient. To determine this, Kirchoff’s Current Law was used at node A. This
generated a single equation with one unknown, and solving it gave the current across the load.
The main takeaway from this model is that, with an ideal op amp, the current delivered to the
patient was independent of the resistance of the load. Since skin resistance is variable, this was a
valuable feature, as it ensures the same amplitude of current is delivered to each patient. This is
based on the ideal op amp assumption, but having these calculations will inform future iterations.
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Figure 5. Ideal op-amp circuit calculations to determine the current across the load
resistance.
PSPICE, a circuit modeling tool, was then used to create a more realistic model of the circuit in
Figure 6, and is given below in Figure 6. All parameters remained the same, but the load
resistance was given a value of 2kΩ, which is in the range of values we might see for the skin
[33]. Additionally, the op-amp was given a power supply of 140V on the positive terminal and
0V on the negative terminal to represent the maximum value it can handle. The main analysis
performed was running the schematic to determine the current across the 2kΩ resistor. This
represented the maximum amount of current that can be delivered to the patient. The current load
shown is 68.29mA, which is within the range of acceptable values given by the sponsors. This
model emphasized the importance of having an op-amp that is designed for high voltage and
current. Additionally, it showed that the value of R1 can impact the load current. Increasing R1
to 100Ω decreased the load current to 50mA and further increasing it to 400Ω brought the load
current down to 12.50mA. For future development, being able to change and control the value of
R1 would allow control over the amplitude. Implementing a potentiometer as R1 can help to
achieve this.
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Figure 6. PSPICE model of the amplifier circuit proposed, with the maximum current values
highlighted in dark blue.
The housing for the electrical components was modeled using SolidWorks, a 3D CAD system. It
consisted of three main structures: the top compartment cover, the center plate, and the bottom
compartment cover. The three structures were fastened to each other using machine screws and
inserts in the four corners of the device. The centerplate held the electrical components
(microcontroller, boost converter, amplifier) in place using walled compartments for each
component to sit in. The bottom side of the plate held the battery in the same way. Holes in the
corners of the plate allowed for connections between the bottom compartment and top
compartment. The display sat inside a slot in the top compartment cover and was held in place
with a transparent protection plate. Four threaded holes on the corners of the slot and machine
screws attached the protection plate to the housing. The top compartment cover also had holes
and buttons that work in conjunction with the display which allowed the customer to adjust pulse
parameters. The bottom compartment cover enclosed the battery compartment and had holes for
the electrode lead connection and charging port.
An analysis of the dimensions of the electrical components was conducted to determine the
dimensions of the housing and ensure it was designed to fit all of the components. Each
component was found on the supplier website, and the dimensions listed were used to create
models. Then, a layout was created based on which components must be connected and stack-up
calculations were conducted to determine the housing dimensions necessary to contain these
components in this particular arrangement. Creating this model helped define the housing
dimensions and the user interface more clearly. The next key step in developing the housing
model is adding the wired connections between components and between buttons. When the
physical components are positioned inside of the physical housing model, all dimensions will be
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verified. Notches or inter-compartment holes may be added depending on component connection
geometry. Figure 7 below shows an exploded view of all housing components, and images of
specific device components can be found in Appendix F.

Figure 7. Exploded view of housing model designed on SolidWorks
The final conceptual model was of the output waveform from the microcontroller using Arduino
code. The goal of this code was to make sure it is possible to create the waveform desired with a
microcontroller. The waveform included setting the pulse width, amplitude, modulation
frequency, and repetition frequency, as illustrated in Figure 8.
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Figure 8. Sketch of the waveform being created, with the frequencies and pulse width
shown as time values.
The microcontroller used was a Mega 2560 on the Arduino Mega, not the ATMega328 as
specified in the conceptual sketch because that is what was readily available for this iteration.
The ATMega328 is capable in a similar capacity, so the model is sufficient to show that creating
a waveform is possible. The only potential difference is storage. The waveform was tested by
using an Arduino connected to an oscilloscope. The output signal was plotted on the
oscilloscope. An analysis of the produced waveform was performed to determine that it matched
the parameters (amplitude, pulse width, modulating frequency, and repetition frequency) outlined
in the code. The graph produced in the serial plotter is shown below in Figure 9 and the code
used to generate this graph is given in Appendix G.
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Figure 9. Graph on the oscilloscope connected to the Arduino with the waveform code.
The x axis corresponds to time and the y axis corresponds to the voltage output.
This is the first iteration, and demonstrates that it is possible to create a waveform with the
maximum specified frequencies and pulse width. Additionally, this model showed that it was
necessary to modify the amplitude of the current using a mechanism outside of the
microcontroller.

Critical Designs
Based on the final concept, modeling was broken down into four main categories — overall
circuit design, amplifier circuit, housing, and the microcontroller code. The conceptual models
for each of these categories were refined and iterated to create the finalized critical designs.
Overall Circuit Design
The block diagram outline in the conceptual model was further developed to create the final
circuit schematic. The schematic has each of the components that were picked in the concept
sketch development stage, some of these components were updated or replaced as a result of
testing or manufacturing issues. Each of those components were drawn and connected in the
same way that they physically will be. See Figure 10 below for the schematic.
The microcontroller creates a pulse waveform that is sent to the operational amplifier. The op
amp acts as a voltage-to-current converter, and has a gain dependent on the potentiometer
connected to the inverting input. The display shows the patient what parameters they are
selecting, and the buttons are connected to the microcontroller and ground so that they create a
‘low’ signal when pressed. For the power source, three 3.7V li-ion batteries have been put in
series. They power the microcontroller and the boost board. The boost board scales the voltage
up so that the op amp has sufficient voltage to provide the output current necessary. Additionally,
a fan has been added to help reduce the temperature of the operation amplifier.
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Figure 10. Proposed circuit schematic.
Amplifier Circuit
The amplifier circuit is included in the overall schematic above, but received more attention and
modeling because of difficulties finding the right configuration for the operational amplifier.
Minimal changes were made to the conceptual model generated (Figure 6). The main change
came from the resistor connected to the negative input terminal of the op-amp. As shown in
Figure 11 below, two resistors were added in series, with one providing variable resistance (via a
potentiometer).
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Figure 11. Op-Amp circuit diagram modeled on PSPICE
Since resistors in series add, the first resistor (R4) acts as a limiting factor — there will always
be at least 66Ω of resistance even when the variable resistor goes to 0 ohms. Originally this
model was done using a 5V input, but with the change in the microcontroller from an Arduino
Nano to an Arduino Nano 33 IoT, the input is actually 3.3V. This is why in the figure, some of
the resistance values are different from those discussed here. A potentiometer (rvar) provides
variable resistance, which allows for control of the output current amplitude. In this circuit, the
potentiometer ranges from 1Ω to 5,000Ω. If, for example, the patient wants 50mA of electrical
stimulation, they would turn the potentiometer to provide 1Ω resistance. If they wanted a lower
level of stimulation, such as 15 mA, the potentiometer would be set to 154Ω. Figure 12 below
shows the output current across R2, which represents the current delivered to the patient. As is
illustrated, the current ranges from around 0 mA to 50 mA for a body resistance of 1,000Ω,
meeting the sponsor requirements. This assumption for body resistance came from the technical
specification document of the Neo-Stim 5 Transcutaneous Spinal Cord Stimulator, the current
device in use by the sponsors.
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Figure 12. Output current across the load resistance (skin) using a potentiometer.
In order for the circuit shown above to supply the necessary current, the op-amp would be
operating at its maximum parameters — 80V power supply and 50 mA current. While this rating
for the op amp is for continuous current, and continuous current will not be used in this
application, there is still a potential for concern. It is important to note that this simulation was
run for a different op amp (LTC6090) that was unable to be used in the final prototype, and
therefore the actual current may not be reflected by this simulation. It would be preferred that the
factor of safety is higher since the op-amp may be used at these conditions repetitively and for
extended periods of time. Due to this limitation of the current op amp configuration, using
transistors to direct the current in a way that the op amp did not have to take the full load was
considered.
The output of this circuit is a pulse waveform with a modulating and repetition frequency,
alternating between the set current and zero. Figure 13 below shows an example output
waveform with a 50mA current.
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Figure 13. Pulse waveform of the current output from the backup circuit model.
Housing
The conceptual model was finalized by adding dimensions, adding detailed component models,
and reconfiguring the component arrangement and housing to decrease size and refine shape.
The final design has a loop attachment system that allows the patient to wear the device on a belt
or waistband. The loops are built into the bottom housing component for maximum strength and
convenience. The patient will be able to control the stimulation using three buttons and a knob.
There is also a power button to turn the device on and off. A cable leading out of the device is
connected to electrodes and provides stimulation, while a display with an acrylic cover shows the
stimulation parameters in the center of the device. See Figure 14 below for illustration of the
model.
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Figure 14. Exploded View Assembly Including Housing and Electronics. A. Exploded View
showing the top, bottom compartments, centerplate, and housing screws. B. Top compartment
exploded view with display, controls, and mounting screws. C. Centerplate exploded view
including electronic components and fastening systems. D. Bottom compartment exploded view
with battery access clip.
Internally, the electrical components are fastened to an acrylic centerplate using various metric
standoffs. The battery pack is facing the back of the device and has an access port on the back to
remove batteries for charging with ease. Top and bottom housing components sandwich the
center plate, creating top and bottom compartments, and are connected using heat set inserts with
machine screws. These housing components are opaque so the centerplate, attachment
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components, and electrical components are not externally visible. See Figure 15 below for
illustration of internal configuration.

Figure 15. A. Top down view onto centerplate.
B. Bottom view of centerplate.
Note that in the current configuration, electronic components are stacked to save space.
Additionally, there are air vents in the sides of the top housing component to allow heat to escape
and keep temperatures inside the housing at a safe level. An additional heat sink and fan, which
are not shown in the CAD model, were added on top of and below the op amp to further dissipate
the heat. A more primitive version of the housing which did not contain vents or stacked
components was discussed in the previous Critical Design Report. This design can be seen in
Appendix H.
The material for the housing is ABS and it will be 3D printed on BMED department printers.
This material was chosen for its ease of manufacturing. Acrylic will be used for the display
cover, centerplate, and battery plate because it can easily be laser cut.
The cost of the total housing was around $75, largely due to the varying types of screws and
inserts required. It was difficult to buy the screws and inserts unless they are in bulk, which
added to the cost.
The technical drawings and additional images for the housing are included in Appendix L.
Microcontroller Code
A method to change the amplitude was added to the code used in the conceptual model. Further
testing was done on the frequencies and timing as well to create more accurate waveforms.
Given the requirement for this device to be wearable, it also must have a user interface. This
came in the form of a display that was controlled with buttons (up, down, and select).
Additionally, in the circuit model for current, changing the output current requires changing the
resistance, which is done through a potentiometer. Code was also written to allow the current
values adjusted by the potentiometer to be read and shown on the display screen. To allow
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patients to set the waveform parameters before having an output stimulation generated, an on/off
feature was implemented into the code. When the power button is pressed, the display screen
turns on and the user can go through the menu function to set all of the parameter values. Then,
to actually turn on and start the stimulation, when on the correct menu item, they are prompted to
hold a button for three seconds. A similar process is done for ending the stimulation. The code
also allows for the user to set the stimulation time, afterwhich the stimulation will automatically
stop if the user hasn’t manually stopped it already. See Appendix G for the complete
microcontroller code allowing for user control.

Prototype Manufacturing Plan
The prototype manufacturing plan includes the Manufacturing Process Instructions (MPI), the
Bill of Materials (BOM) required in the manufacturing process, an assessment of the hazards and
risks associated with the project and our plans for mitigating them, and an overview of the
Operation Manual (Instructions for Use).
Manufacturing Process Instructions
The wearable spinal cord stimulator was manufactured according to the Manufacturing Process
Instructions listed below.
1) 3D print housing model (given in the Housing section within the Critical Designs) on
Innovation Sandbox 3D printer (Ultimaker 3+ Extended 3D printer) using PLA.
2) Cut out centerplate, battery holder plate, and display cover from the acrylic
a) Save SolidWorks files for centerplate, battery plate, and display cover as .dfx
files.
b) Use PLS Laser in Cal Poly Mustang ’60 Machine Shop to cut all three files
3) Prepare electrical components
a) Solder amplifier board (resistors, electrodes, op amp, fuse) to the circuit board
according to the configuration given in Figure 10.
b) Upload code (given in Appendix G) to microcontroller
4) Attach all electrical boards to the acrylic centerplate or covers using screw or standoffs
shown in Figure 24 and according to the configuration given in the circuit schematic in
Figure 16 and in the technical housing models given in the Housing Critical Design
section.
a) Attach the boost converter, with the M3 8mm screws and nuts, oriented such that
the heat sink is facing the near short edge of the centerplate.
b) Assemble components on battery holder plate
i) Attach the M2 5mm FF standoffs to the battery holder plate via M2 5mm
screws.
ii)
Attach amplifier PCB to standoffs via M2 5mm screws.
iii) Using a soldering iron with a narrow tip, set the M1.6 threaded inserts into
the plate such that they are flush to the underside.
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iv)

Insert the M1.6 screws into the screw holes of the microcontroller and use
M1.6 inserts to pinch the arduino board.
v)
Screw the M1.6 screws to the set threaded inserts in the battery holder
plate.
vi) Attach the battery holder to the holder plate with M3 5mm screws and
nuts.
c) Attach the M3 15mm FF standoffs to the centerplate with M3 5mm screws on the
underside.
d) Attach the battery holder plate to the M3 15mm FF standoffs with M3 5mm
screws such that the batteries are accessed from the underside of the centerplate.
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Figure 16. A. Exploded view of centerplate B. Bill of materials for components housed
on the centerplate.
5) Add upper housing components, using the part locations provided in Figure 17 as
guidance.
a) With a soldering iron, set the M3 threaded inserts into the corner holes such that
they are flush with the bottom face of the top compartment
b) Use the soldering iron to set M3 threaded inserts into the holes on the underside
of the display window such that the inserts are set halfway into the holes.
c) Attach the display to the inserts under the display window with M3 5 mm screws.
d) Consider sanding edges and surfaces after setting inserts.
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Figure 17. A. Exploded view of top compartment assembly. B. Bill of materials for upper
housing assembly.
6) Add buttons and potentiometer to the upper housing casing.
7) Thread electrode cables through the electrode jack hole specified on the side of the top
compartment.
8) Solder all connections between boards, buttons, display, boost board, and amplifier (See
Figure 10).
9) Add acrylic cover over the display on the upper housing casing using cyanoacrylate glue.
10) Insert batteries into the battery holder.
11) Attach the bottom and top housing cases with the centerplate using M3 14mm screws up
through the bottom housing following the technical drawing provided in Figure 18 below.
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Figure 18. A. Full assembly exploded drawing. B. Bill of materials for the full assembly.
More detailed BOM for items 1 and 2 found in Figures 16, and 17.
12) Attach battery clip to back of housing, using the configuration in Figure 19 below for
guidance.
13) Loop one section of the belt through one loop on the housing and sew it to itself to secure
it to the loop. Repeat for other side
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Figure 19. A. Exploded view of bottom compartment assembly. B. Bill of materials for
lower housing assembly.
Table VIII below summarizes the steps, facilities, and if there is any training or certification
needed for manufacturing in terms of the equipment.
Table VIII - Manufacturing Equipment Summary
Equipment

Associated Step(s)

Associated Facilities

Training/
Certification

Ultimaker 3+
Extended 3D printer

1

BMED Dept. Printer

No - STL file will be
sent to Innovation
Sandbox and the staff
there will oversee
printing

ABS
(poly-lactic-acid)

1

BMED Dept. Printer

No

Acrylic centerplate

2

Mustang ‘60 Machine
Shop

Red Tag
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Universal Laser
Systems PLS6.150D

2

Mustang ‘60 Machine
Shop

Red Tag

Solder iron and wire

5.a), 9

192-330

No official training
but oversight of
someone with
soldering experience
preferred

Cyanoacrylate glue

11

192-330

No

Screws

12

192-330

No

Sewing machine

13

192-330

No

Bill of Materials
Table IX below shows the Bill of Materials included in the wearable spinal cord stimulator.
Table IX - Bill of Materials
Item
Number

Part Number

Description

Quantity

1

HiLetgo 3-01-1261

Display - Displays electrical
stimulation parameters

1

2

8560K275

Acrylic sheet - protective
cover over display

1

3

PBS-33B

Select buttons - Allow for
user control of stimulation
parameters

3

4

Vbestlifeghea6pgn2
5

Power button - Turns the
device on and off

1

5

A000005

Arduino Nano
microcontroller - Controls
device output

1

6

Panasonic
NCR18650GA

Batteries - Powers the device

3

7

106990288

Battery compartment

1

8

ELEGOO
CA-EL-CP-021

PCB - Circuit board for
electrical circuit elements

1
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9

0235.100MXP

Fuse - Safety shut off feature
that prevents too high of
current delivery

1

10

CA-WH148-5KBK

Potentiometer - Allows for
current control by varying
resistance

1

11

10EP514100R

Resistors - limits current
delivery to patient

1

12

LTC6090HFE#PBF

Operational amplifier Amplifies the current signal
to achieve 50 mA parameter

1

13

1207

TSSOP 16 pin prototyping
board for operational
amplifier

1

14

COMIDOX
YH11068A

Boost converter - Draws
more power from batteries to
power the operational
amplifier

1

15

879100 (for circle)

Electrodes - Supplies current
to patient

2

16

0708402547740

M2 & M3 standoffs - elevate
the electrical components so
they are not scraping against
centerplate

M3 15mm FF standoff
4x
M3 5mm screw
18x
M3 hex nuts
10x
M3 5mm standoff MF
4x
M2 5mm screw
8x
M2 10mm FF standoff
4x

17

94180A331

M3 Inserts for display and
housing

8
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18

MRO190831N-0436
92120A150, 
Hilitandefhcz21qik

M1.6 screws

M1.6 15mm screw

4x

M1.6 Female Thread
Brass Knurled Insert
Embedment Nut
4x
M1.6 hex nuts

19

Jovitec-Number
Belt-01

Racing Belt

1

20

B07MN1RK7F

Electrode connector jack

1

21

B01DZBDBZG

Electrode connector cable

1

22

92005A118

M3x8 screw for booster
board

4

23

92005A124

M3x18 screw for housing

4

24

18650 Battery
Charger Li-ion
Batteries

Battery charger

1

8x

See Appendix J for resistor, fuse, operational amplifier, battery, and boost converter datasheets.
Hazard and Risk Assessment
Using the Hazard and Risk Assessment outline provided in class as guidance, we identified six
hazards and risks that have the potential to arise during our project, including two that were not
identified by the guiding questions. The description of these hazards and the plans for mitigation
are listed below in Table X. The Hazard and Risk Assessment outline that was used for guidance
is given in Appendix K.
Table X - Hazard and Risk Identification and Plans for Mitigation
Description of Hazard/Risk

Plan for Mitigation

If the belt or housing falls (due to gravity)
then it could pull on the electrode wires,
potentially displacing the electrodes

Incorporating a velcro system along with the
buckle to attach the two ends of the belt so
that if one attachment system fails then there
is another one in place

Design includes three batteries (3.7V) that

The boost converter we are choosing already
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will lead to a boost converter that supplies
around 140V to the op-amp. This high voltage
is necessary in order to supply the required
current

has built-in safety features for over current
(4.5A) and over voltage (410V) protection, as
well as short circuit protection. A fuse is also
incorporated in the boost converter system.
Since the maximum voltage of 410V is still
too high, we will also incorporate a safety
shut-off feature in the microcontroller code
that will shut the system off if the voltage is
too high

The system will have batteries that will store
power to supply the electrical components

Batteries are already regulated by safety
standards, and we selected a battery brand that
is well known. Additionally, the battery will
be taken out to charge and during this time,
the user will be instructed to perform a visual
inspection to make sure the batteries look
okay (e.g. aren’t corroded)

If electrodes are incorrectly placed, the
system worn too long, and if the patient
chooses incorrect electrical signal parameters
(current, pulse width, pulse
duration/frequency), it would be used in an
unsafe manner

For incorrect electrode placement, proper
labeling and instructions will be provided
showing where and how the electrodes will be
placed. We can also code for a question
coming up on the display asking the user to
verify the correct electrode placement. To
prevent the system from being worn too long
(over 60 minutes) we can code for the system
to automatically shut off after 60 minutes. To
prevent incorrect electrical stimulation
delivery, we can implement features in the
code that prevent current delivery over 50mA,
and pulse widths that are too high, and
frequencies that are too low.

Electrical system failures, such as too high of
current delivered (due to system failure, not
due to patient choice as covered above) or a
short circuit happening

Incorporate a fuse that would interrupt the
current flow if a fault is detected

Power dissipation to patient (burning or heat)

The duty cycle of the pulse waveform should
protect against this. Only approximately 5%
of the output power will be dissipated into the
patient, which is only approximately an eighth
of a watt at the maximum settings. However,
to protect against this, the device will need to
undergo further testing after the completion of
this project and the outcome of the sponsor's
clinical studies will need to be observed.
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Housing mechanical failure (cracking,
deforming, etc.)

Create housing from a material with
appropriate strength and stiffness values. Test
prototypes to ensure they withstand
reasonable forces.

Instructions for Use
To operate the wearable spinal cord stimulator, the user will follow the following steps:
1. Plug the electrodes into the device
2. Place one electrode on the skin between T11 and T12 vertebrae and the other on the iliac
crest. Guidance for placement is given in Figure 19 below.

Figure 19. Diagram showing the placement of electrodes from the device on the back of
the patient
3.

Turn on the device using the red button located on the side of the device. During this
time, also locate the up, down, and select buttons, as well as the potentiometer, as these
will be used for the remainder of steps to set and start the stimulation. The locations of
these buttons are shown in Figure 20.
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Figure 20. Image showing the location of the power button (A), up button (B), down
button (C), select button (D), and potentiometer (E) on the outer housing that the user can
press to start and control the stimulation.
4.

Use the select button to get to the “Modulating Frequency” sub-menu page. Use the up
and down buttons to set the modulating frequency to the value set by your physician
(4,000 - 10,000 Hz). The associated menus on the display screen are shown in Figure 21
below.
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Figure 21. Image of the display screen showing the “Modulating Frequency” menu item
highlighted on the Main Menu page (A), and the “Modulating Frequency” sub-menu
page that is reached when the select button is pressed (B).
5.

Use the select button to get back to the “Main Menu” page. Use the down button to get to
the “Repetition Frequency” sub-menu page. Use the up and down buttons to set the
repetition frequency to the value set by your physician (1-99 Hz). The associated menus
on the display screen are shown in Figure 22 below.

Figure 22. Image of the display screen showing the “Repetition Frequency” menu item
highlighted on the Main Menu page (A), and the “Repetition Frequency” sub-menu page
that is reached when the select button is pressed (B).
6.

Use the select button to get back to the “Main Menu” page. Use the down button to get to
the “Burst Width” sub-menu page. Use the up and down buttons to set the burst width to
the value set by your physician (0.1 - 2000 ms). The associated menus on the display
screen are shown in Figure 23 below.
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Figure 23. Image of the display screen showing the “Burst Width” menu item highlighted
on the Main Menu page (A), and the “Burst Width” sub-menu page that is reached when
the select button is pressed (B).
7.

Use the select button to get back to the “Main Menu” page. Use the down button to get to
the “Current Amplitude” sub-menu page. Use the potentiometer to set the current
amplitude to the value specified by your physician (1-50 mA). The associated menus on
the display screen are shown in Figure 24 below.

Figure 24. Image of the display screen showing the “Current Amplitude” menu item
highlighted on the Main Menu page (A), and the “Current Amplitude” sub-menu page
that is reached when the select button is pressed (B).
8.

Place the belt around the waist at a comfortable position and align the device on the lower
back, as shown below in Figure 25. Buckle the belt.

50

Figure 25. Placement of the wearable spinal cord stimulator on the back with the belt
buckled around the waist.
9.

Use the select button to get back to the “Main Menu” page. Use the down button to get to
the “Stimulation ON/OFF” sub-menu page, and then use the down button to get to the
“Set Time” sub-menu page. Use the up and down buttons to set the stimulation time to
the time determined by your physician (20-60 min). The associated display screens are
shown in Figure 26 below.

Figure 26. Image of the display screen showing the “Stimulation ON/OFF” menu item
highlighted on the “Main Menu” page (A), the “Set Time” menu item highlighted in the
“Stimulation ON/OFF” sub-menu page that is reached when the select and then down
button are pressed (B), and the “Set Time” sub-menu page that is reached when the select
button is pressed (C).
10.

Use the select button to get back to the “Stimulation ON/OFF” sub-menu page. Use the
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up button to get to the “Start Stimulation?” sub-menu page, then press the select button.
As prompted on the display screen, hold the select button for 3 seconds to begin
stimulation. Once three seconds have passed, “Stimulation has started!” will flash on the
screen. The associated menus on the display screen are shown in Figure 27 below.

Figure 27. Image of the display screen showing the “Stimulation ON/OFF” sub-menu
page that is reached when the select button is pressed (A), the “Start Stimulation”
sub-menu page with the begin stimulation message displayed that is reached when the
select button is pressed (B), and the “Stimulating has started!” message that flashes
across the screen after the select button has been pressed for three seconds (C).
11.

At the end of the time, the stimulation will stop. If you need to end the stimulation earlier,
on the “Stimulation ON/OFF” sub-menu page, use the up and down buttons to get to the
“End Stimulation?” sub-menu page. As prompted on the display screen, hold the select
button for three seconds to end stimulation. Once three seconds has passed, the message
“Stimulation has ended!” will flash across the screen. The associated display screens are
shown in Figure 28 below.

Figure 28. Image of the display screen showing the “End Stimulation?” menu item
highlighted in the “Stimulation ON/OFF” sub-menu page (A), the “End Stimulation”
sub-menu page with the message on how to stop the stimulation displayed when the
select button is pressed (B), and the “Stimulation has ended!” message that flashes across
the screen after the select button has been pressed for three seconds (C).
12.

Turn off the device
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13.
14.
15.

Remove the electrodes from back
Unbuckle the belt and remove it from your waist
Take out the batteries and charge them until they are at 100% battery life

Test Plan
The engineering specifications outlined previously guided the test plan for the wearable spinal
cord stimulator prototype. The test plan was generally broken up into electrical testing, housing
testing, and usability testing. The specific protocol for each test within these broader categories is
given in the sections below.
Table XI below summarizes the test plan, outlining the specification, test method, sample size,
expected results, additional equipment needed, and if any training or certification is necessary.
Table XI - Summary of Test Plan
Specification

Test Method

Sample
Size

Expected
Results

Equipment

Training/
Certification

Amplitude of
current

Oscilloscope

30

50 mA
maximum;
1-50mA
range

Oscilloscope

No

Frequency of
modulating
current

Oscilloscope

4

4-10 kHz

Oscilloscope

No

Repetition
frequency

Oscilloscope

2

1-99 kHz

Oscilloscope

No

Burst width

Oscilloscope

1

0.1 - 2 ms

Oscilloscope

No

Battery life

Turn on with
10
max conditions
and let amplitude
decrease; check
time to 5%
decrease and
note any changes
in amplitude

40-60 min

Oscilloscope;
timer

No

Weight of
wearable
device

Put on scale

1

1 lb

Scale

No

Dimensions

Caliper/ruler

1

<30 in³

Caliper/ruler

No
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of wearable
device
Strength of
attachment
between
device and
patient

Running for 5
minutes with the
device on

5

Binary:
device does
not fall off

Timer; Cal
Poly Rec
Center
Treadmill

No; but
subject
should
comfortably
run 5 min

Housing
durability

Drop device
from average
person’s waist
height, see how
many times it
can withstand or
reach the
maximum drops.

1

Binary: does
the device
break before
reaching
maximum
number of
drops (5)

Tape measure No

Steps to
remove
attachment
system from
body

Count

1

3

None

No

Steps to
operate

Count

1

15

None

No

Thermal
threshold

Measure external 1
temperature of
op-amp at 30 sec.
Increments for
10 minutes

Internal
temperature
(using
conversion
between
measured
temperature)
stays below
125 °C for 60
minutes

Thermometer

No

The following sections list the detailed protocol for each test within electrical testing, housing
testing, and usability testing.
Electrical Testing
For most electronic-based specifications— amplitude of current, frequency of modulating
current, repetition frequency, pulse width, and battery life— testing was done using an
oscilloscope, shown in Figure 29 below. No training or certification was necessary to conduct
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tests on the oscilloscope, and the oscilloscope was used in the electrical engineering building,
20-111.

Figure 29. Oscilloscope output with repetition frequency, modulation frequency, pulse width,
and amplitude measurements labeled.
Testing of the electronic-based specifications all followed a similar protocol, which is as follows:
1. Plug the channel 1 cord into the oscilloscope.
2. Connect the breadboard pin end of the oscilloscope cable into the ground pin on the
breadboard with all circuit elements (operation amplifier, resistors, boost converter,
batteries, potentiometer, microcontroller) attached and pin 10 on the microcontroller.
3. Turn on the oscilloscope.
4. Set up the electrode testing fixture by using copper tape on an acrylic sheet to create
squares in the approximate shape of the electrodes.
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5. Place a fixed resistor of 1000 ohms between the taped areas, ensuring sufficient contact to
the copper.
6. Place electrodes on the copper tape in their respective locations.
7. Plug in the connecting cable.
8. Place oscilloscope positive lead on the Vo electrode.
9. Place the oscilloscope negative lead at ground.
10. Plug connecting cable into electrode jack on device.
11. Provide power to the op amp and the microcontroller. This can be done using a micro
USB cable with the micro USB end plugged into the microcontroller and the USB end
plugged into a computer. The microcontroller will supply pulses which will stabilize on
the screen of the oscilloscope (trigger if not stabilizing).
12. Use the up, down, and select buttons to get to the “Repetition Frequency” sub-menu on
the display screen, and use up and down buttons to set the modulating frequency to 3 Hz.
13. Using the cursor knobs on the oscilloscope, measure two repetition frequency values
between bursts (i.e. measure between two bursts and then another set of two bursts)
14. Record the measured value.
15. Repeat steps 5-7 for repetition frequency values of 4 Hz, 98 Hz, and 99 Hz, using the up
button to change between values.
16. Use the select button to get to the “Modulating Frequency” sub-menu page, and use the
up button to change the modulating frequency to 5,000 Hz.
17. Repeat steps 5-7 at modulating frequency values of 5,000 Hz, 6,000 Hz, 7,000 Hz, 8,000
Hz, 9,000 Hz, and 10,000 Hz.
18. The next subset of measurements will be for modulating frequency and pulse width. With
the modulating frequency still at 10,000 Hz, zoom in on a single burst using the knobs on
the oscilloscope.
19. Using the cursor knobs on the oscilloscope, measure the width of a single pulse
20. Multiply this value by two (to account for the low period of the pulse that is covered by
the baseline) and record the new value.
21. Use the select button to get back to the “Main Menu” page. Then, use the up, down, and
select buttons to get to the “Pulse Width” sub-menu page. Use the select button to
increase the pulse width by one increment.
22. Measure the pulse width by setting one cursor at the beginning of the first visible pulse
and the other cursor at the end of the last visible pulse. Add the value measured for the
width of a single pulse in step 12.
23. Record this value and note the modulating frequency.
24. Repeat steps 14-16 until the maximum pulse width value is reached.
25. Once the maximum pulse width value is reached, measure two modulating frequency
values within the burst (i.e. measure the modulating frequency of one pulse within the
burst and then and then measure the modulating frequency of another pulse)
26. Record the two values.
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27. Use the select button to get back to the “Main Menu” page. Then, use the up, down, and
select buttons to get to the “Modulating Frequency” sub-menu page.
28. Use the down button to change the modulating frequency to 9,000 Hz.
29. Repeat steps 12-19 at this modulating frequency value. Repeat for modulating frequency
values of 8,000 Hz, 7,000 Hz, 6,000 Hz, 5,000 Hz, and 4,000 Hz.
30. Repeat steps 12-22 for another burst and record the values in a neighboring column to the
same values for the first burst.
31. Analyze the data according to the protocol outlined in the Statistical Analysis section.
32. Note if the device passed or failed each of the tests. The criteria for passing is if there is
less than a 5% difference between the test value and the target value outlined in the
House of Quality or between the two values measured. Since these parameters are
controlled by the code written for the microcontroller, if they fail to meet the performance
metric, we will adjust the microcontroller code and re-run the test.
Still using the oscilloscope, the current amplitude was tested changing the resistance value with
the potentiometer. This test ensured that the potentiometer allows for accurate user control of the
stimulation current. The protocol for this test is as follows:
1. Plug the power cord in for the oscilloscope.
2. Plug the channel 1 cord into the oscilloscope.
3. Connect the breadboard pin end of the oscilloscope cable into the breadboard with all
circuit elements (operation amplifier, resistors, boost converter, batteries, potentiometer,
microcontroller) attached.
4. Turn on the oscilloscope.
5. Set up the electrode testing fixture by using copper tape on an acrylic sheet to create
squares in the approximate shape of the electrodes.
6. Place a fixed resistor of 1000 ohms between the taped areas, ensuring sufficient contact to
the copper.
7. Place electrodes on the copper tape in their respective locations.
8. Plug in the connecting cable.
9. Place oscilloscope positive lead on the Vo electrode.
10. Place the oscilloscope negative lead at ground.
11. Plug connecting cable into electrode jack on device.
12. Provide power to the op amp and the microcontroller. The microcontroller will supply
pulses which will stabilize on the screen of the oscilloscope (trigger if not stabilizing).
13. Use the up, down, and select buttons to get to the “Modulating Frequency” sub-menu on
the display screen, and use up and down buttons to set the modulating frequency to 99
Hz.
14. Use the up, down, and select buttons to get to the “Repetition Frequency” sub-menu on
the display screen, and use up and down buttons to set the repetition frequency to 10,000
Hz.
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15. Randomly generate 20 numbers between 1 and 50. This will determine the current
amplitude values that are going to be tested.
16. Use the select button to get to the “Current Amplitude” sub-menu on the display screen.
Turn the potentiometer until the display screen reads the first randomly generated value
determined in step 7.
17. Measure and record the amplitude of the pulse shown on the oscilloscope screen. Convert
that voltage value to units of current. Make note if the value is different than what the
display screen is showing.
18. Repeat steps 8 and 9 for all 20 randomly generated numbers.
19. Analyze the data according to the protocol outlined in the Statistical Analysis section.
20. Note if the device passed or failed each for each of the current values. The criteria for
passing is if the amplitude measured on the pulse waveform is within 1 mA of the current
value shown on the display screen (and thus set by the potentiometer). If this test fails to
meet the performance metric, then it is likely an issue with the op-amp circuit. If this
occurs, we will implement the backup circuit model into the system and re-run the test.
Two main tests were conducted in concert for battery life. These tests used the oscilloscope as
well, and the protocol is listed below.
1. Plug the cables into the oscilloscope.
2. Connect the cables to the breadboard with all circuit elements (operation amplifier,
resistors, boost converter, batteries, potentiometer, microcontroller) attached.
3. Turn on the oscilloscope.
4. Set up the electrode testing fixture by using copper tape on an acrylic sheet to create
squares in the approximate shape of the electrodes.
5. Place a fixed resistor of 1000 ohms between the taped areas, ensuring sufficient contact to
the copper.
6. Place electrodes on the copper tape in their respective locations.
7. Plug in the connecting cable.
8. Place oscilloscope positive lead on the Vo electrode.
9. Place the oscilloscope negative lead at ground.
10. Plug connecting cable into electrode jack on device.
11. Turn on the display using the power button. The device will supply pulses which will
stabilize on the screen of the oscilloscope.
12. Use the up, down, and select buttons to get to the “Modulating Frequency” sub-menu on
the display screen, and use up and down buttons to set the modulating frequency to 99
Hz.
13. Use the up, down, and select buttons to get to the “Repetition Frequency” sub-menu on
the display screen, and use up and down buttons to set the repetition frequency to 10,000
Hz.
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14. Use the up, down, and select buttons to get to the “Current Amplitude” sub-menu on the
display screen, and use the potentiometer to set the current amplitude to 50 mA. This
setting, along with those set for modulating and repetition frequency, represents the
maximum device settings.
15. Start a timer.
16. As the timer is running, observe the oscilloscope screen and note any significant (defined
as visible) changes in current amplitude.
17. Stop the timer when the amplitude drops below 5% and record the time.
18. Take out the batteries and charge them until they are fully charged.
19. Repeat steps 1-11, four more times and take the average.
20. Analyze the data according to the protocol outlined in the Statistical Analysis section.
The data in this case is defined as the time it takes the device to die for each trial and the
current values as a consequence in a significant drop in pulse amplitude.
21. Note if the device passed or failed each for each of the tests within each of the trials. The
criteria for passing is if the device lasted between 40-60 minutes before dying with less
than a 5% difference between the final pulse amplitude and the pre-set 50mA current
value. If these tests do not meet the performance metric, then we will look for circuit
elements that do not consume as much power. In the meantime, however, we would have
to adjust the Indications for Use to correct how long it can be used for.
A final thermal test was conducted to ensure that the electronic parts, specifically the operational
amplifier, did not get too hot and become unstable or unusable. The protocol for this test
followed the steps listed below.
1. Assemble all electronic components (op-amp, buttons, boost board, batteries, display,
microcontroller) onto the PCB and center plate. The fan will not be included in these first
couple of tests.
2. Use the power button to turn on the device. The condition for this first test will include
only quiescent current (no pulse output).
3. Hold a non-contact thermometer on the metal back of the op-amp and record the
temperature at about 30-second increments for a total of 10 minutes.
4. After 10 minutes, turn off the device and give it time to cool down to room temperature
before beginning the next test.
5. In the meantime, set up the electrodes and oscilloscope connections.
a. Set up the electrode testing fixture by using copper tape on an acrylic sheet to
create squares in the approximate shape of the electrodes.
b. Place a fixed resistor of 1000 ohms between the taped areas, ensuring sufficient
contact to the copper.
c. Place electrodes on the copper tape in their respective locations.
d. Plug in the connecting cable.
e. Place oscilloscope positive lead on the Vo electrode.
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f. Place the oscilloscope negative lead at ground.
g. Plug connecting cable into electrode jack on device.
6. Once the op-amp has reached room temperature, use the buttons to set the output to have
the parameter values listed below. This represents the low range of parameter values.
a. Current = 5 mA
b. Modulating Frequency = 4,000 Hz
c. Repetition Frequency = 10 Hz
d. Burst Width = 111 µs
7. Repeat steps 3 and 4. Note if the pulse output changes during this time period.
8. Once the op-amp has reached room temperature, use the buttons to set the outcome to
have the parameter values listed below. This represents the high range of parameter
values.
a. Current = 50 mA
b. Modulating Frequency = 10,000 Hz
c. Repetition Frequency = 90 Hz
d. Burst Width = 2,000 µs
9. Repeat steps 3 and 4. Note if the pulse output changes during this time period.
10. Add the fan to the electronic set up, and repeat steps 6-8.
11. Analyze the data according to the protocol outlined in the Statistical Analysis section.
The data, in this case, is defined as the readings from a temperature probe, and then a
binary measurement of if it is below the threshold temperature listed on the House of
Quality (125 °C). For this measurement, 125 °C represents the maximum internal
junction temperature of the op-amp, and since the temperature probe reads the ambient
temperature of the op-amp, this value will need to be adjusted by Tcase-max = Tjunction-max –
(Ɵjunction-to-case*Pdissipated). See that datasheet for the OPA453 for more details on the safe
operating area.
12. Note if the device passed or failed each of the test conditions. The criteria for passing is if
the device lasted until 60 minutes without the measured temperature getting above =
Tcase-max = 107℃ = Tjunction-max – (Ɵjunction-to-case*Pdissipated)— where Tjunction-max is the maximum
junction temperature, Ɵjunction-to-case is the thermal resistance from junction to case, and
Pdissipated is the power dissipated— or if the pulse output did not change during the
duration of the test. T
For other testing of battery specifications, see the datasheet in Appendix J for the batteries and
refer to manufacturer testing done.
Housing Testing
Two main housing tests were conducted: strength of attachment between the device and the
patient, and the durability of the housing. No training or certification was required to run these
tests. The strength of attachment test was conducted on a treadmill at the Cal Poly Recreation
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Center and the housing durability test was conducted in the hallway outside the senior project
classroom, 192-330.
The strength of attachment test was conducted using a prototype of the housing without the
electronics. The protocol for testing the strength of attachment between the device and the
patient is as follows:
1. Obtain voluntary consent from five BMED 456 class members who are comfortable with
running for 5 minutes. The five-subject sample size was chosen because it allows for the
device to be tested on different gaits and body types.
2. Assemble top housing compartment, bottom housing compartment, and centerplate using
the steps outlined in the MPI (see Prototype Manufacturing Plan) as guidance.
3. Go to the Cal Poly Recreation Center and locate a treadmill.
4. Have the subject place the device around their waist in a comfortable position and secure
it with the belt attachment. Tighten or loosen the belt if necessary.
5. Measure the distance from the subject’s armpit to the top of the belt attachment, as
demonstrated in Figure 30. Record this value.

Figure 30. Image showing how to measure the position of the belt on the body before
and after the running test to analyze the strength of attachment between the device and
the patient.
6. Start a timer for 5 minutes and have the subject start running at a pace that is comfortable
for them.
7. Once 5 minutes is complete, the subject can stop running. Note if the belt fell off or if
anything came loose during the running period. Measure the distance from the subject’s
armpit to the top of the belt attachment. Record this value.
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8. For a qualitative measurement, ask the subject the following questions about the device:
a. How would you rate the comfort of the belt while standing from 1-10?
b. How would you rate the comfort of the belt while running from 1-10?
c. How would you rate the difficulty of putting on and taking off the belt from 1-10?
9. Repeat steps 3-6 for the remaining four subjects.
10. Analyze the data according to the protocol outlined in the Statistical Analysis section.
The data in this case is defined as a binary measurement of whether or not the device fell
off or met the displacement requirement.
11. Note the displacement value and if the device passed or failed each for each of the tests
within each trial. The criteria for passing is if the device did not fall off or move more
than 4 inches vertically while any of the subjects were running. If this test does not meet
the performance metric, we will adjust the belt to make it more secure either by adding a
velcro attachment in addition to the buckle it currently has or by adding additional
stitches to the belt sections in the side housing loops.
A drop test was performed to test housing durability, as this represented a more clinically
relevant scenario than other forms of strength and durability testing. The drop test was conducted
using previous iterations of the housing top compartment, bottom compartment, and battery plate
with an electronic system that lit an LED inside. The protocol for this test is as follows:
1. Manufacture a device that consists of discarded electronic and previous iterations of a
laser cut battery plate and top and bottom housing components, as seen in Figure 31.
a. Solder an LED and resistor to a PCB board, mount the PCB board to a laser cut
acrylic plate using standoffs and screws.
b. Solder the LED to wires on a clip that attaches to a 9V battery. Connect the wires
to the battery.
c. Glue battery to the bottom compartment. Attach the acrylic plate to the bottom
compartment of the housing using screws or superglue.

Figure 31. Drop Test Electronics Configuration
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2. On a nearby wall, use a tape measure to mark a height of 41 inches, which represents an
individual’s average waist height. This value was determined by taking an average of the
average male and female heights of 69 inches and 63.5 inches, respectively, as reported
by the CDC, and then multiplying that by 0.625. This value was determined following an
anthropometric chart and inferring that the multiplier for waist height would be halfway
between the hip and rib multipliers (0.530 and 0.720, respectively) [38,39].
3. Hold the device level with the 41 in marking, as seen in Figure 32, and then let go.

Figure 32. Image showing how and where the device is dropped during the drop test to
test housing durability.
4. Note the following after the drop
a. Housing component detached from assembly
b. Electrical component detached from assembly
c. LED on or off
d. Cracks or breaks in the outer housing
e. Displacement/damage to display, buttons, other external components of upper
housing compartment
f. Battery door separation from bottom housing compartment
5. Repeat steps 3 and 4 until the device has been dropped 5 times, or until parts of the
housing or electronics have become detached from the rest of the device. If parts do
become dislodged or if the LED shuts off prior to 5 drops, make note of which drop
number these occurred at.
6. Analyze the data according to the protocol outlined in the Statistical Analysis section.
The data in this case is defined as binary measurements of if parts of the device – outer
housing or electrical components – become detached from the rest of the device and if the
outer housing cracks or not.
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7. Note if the device passed or failed each for each of the tests within each of the trials. The
criteria for passing is if the device reached 5 drops before any parts became detached and
any cracks appeared in the outer housing. If this test does not meet the performance
metric, we will work to 3D print the housing with a more durable material and implement
some form of padding to surround the electrical components.
Usability Testing
Since this device is wearable, it is important that its size and weight allow for comfort while
being worn and that the user interface is relatively easy to operate. The weight and operation
tests were conducted on the single, full prototype model, since the outcome of these tests does
not change with the number of trials conducted. The volume test was conducted on just the
housing components (upper compartment, bottom compartment, centerplate) because the internal
components do not affect volume and because the assembly must be submerged in water during
the test and would damage electronics. Additionally, all tests were conducted in the senior
project room, 192-330, or at home, and no training or certification was necessary to perform
them.
The following steps, which will require the materials shown in Figure 32 below, will be followed
to test the volume:
1. Assemble upper compartment, lower compartment, and centerplate of housing without
the electronics
2. Put housing into a thin plastic bag and remove air from the bag
3. Place a large empty pan on scale and tare (Note: a flat block object may be needed to
elevate the pan in order to read the scale)

Figure 32. Volume Test Setup: A - Empty pan. B - Pitcher for pouring water. C - Food scale
with coasters to elevate the pan. D - Bowl. E Tested prototypes in plastic bags.
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4. Place a large bowl inside the large empty pan and fill completely with water. The water
should be on the verge of spilling over
5. Place the housing into the large water bowl until completely submerged
6. Remove the water bowl and housing from the scale, leaving the pan with the displaced
water
7. Record the mass of the displaced water and convert to volume
𝑚𝑎𝑠𝑠(𝑔) *

1𝑚𝐿
1𝑔

3

*

0.0610237 𝑖𝑛
𝑚𝐿

3

= 𝑣𝑜𝑙𝑢𝑚𝑒(𝑖𝑛 )

8. Repeat steps 3-7 nine times (to gather more data for a more accurate average value)
9. Average the data from the ten trials. Further analyze the data according to the protocol
outlined in the Statistical Analysis section.
10. Note if the device passed or failed. Passing criteria is less than the target volume or
within 5% difference between the measured (and then calculated) volume and the target
volume specified in the House of Quality. If this test does not meet the performance
metric, we will try to arrange the electronic components in a different configuration that
will take up less space.
A similar protocol was followed for testing to ensure the weight of the device meets the
specifications, and is given in the steps below:
1. Ensure all device components are present and in the correct place.
2. Turn on the scale, set to ounces, and zero it.
3. Place the device (with belt attached) on the scale. Record this value.
4. Analyze the data according to the protocol outlined in the Statistical Analysis section.
5. Note if the device passed or failed. Passing criteria is less than the target weight or within
5% difference between the measured weight and the target weight specified in the House
of Quality. If this test does not meet the performance metric, we will try to reduce the
number of required parts. For example, we could look to implement a digital
potentiometer that can be controlled by code and buttons rather than an analog
potentiometer.
The final two tests regard the operation of the device and were all conducted using a single
protocol, which is given below.
1. Ensure all device components are present and in the correct place.
2. Explain to a subject how to operate the device using the Operation Manual outlined in the
Manufacturing Plans section.
3. Have the subject model putting the device on themselves by laying it out on a table. This
is to prevent any safety concerns that may arise from having a subject actually wearing
the device while it is turned on.
a. Steps will include the following:
i. Plug the electrodes into the device
ii.
Place the electrodes on the table (to model placing them on their back)

65

iii.

4.
5.

6.

7.
8.

Place the rest of the device near the bottom of the table (to model them
placing the device around their waist)
iv. Clip the belt
v. Turn on the device.
vi. Use the up, down, and select buttons to set the modulating frequency to 99
Hz, the repetition frequency to 10,000 Hz, and the burst width to 2000 µs.
vii.
Use the potentiometer to set the current amplitude to 50 mA.
Count the number of steps it takes the subject to complete everything listed in step 3.
This represents the number of steps required to operate.
Have the subject turn off the device and then remove it from the table, including:
a. Taking the electrodes off the table (to model taking the electrodes off themselves)
b. Unclip the belt
c. Taking the device off the table (to model taking the belt attachment off)
Count the number of steps it takes the subject to complete everything listed in step 5.
This represents the number of steps required to remove the attachment system from the
body.
Analyze the data according to the protocol outlined in the Statistical Analysis section.
Note if the device passed or failed. The criteria for passing is if there are fewer steps to
operate than the target number or less than a 5% difference between the target number of
steps to operate and number of steps to remove the attachment system from the body
listed in the House of Quality. If these tests fail to meet the performance metric, we will
adjust the current elements to make them more streamlined or use a belt that has a
simpler attachment system. The process that is likely to generate the most steps or be the
most time consuming is adjusting the current using the potentiometer. Therefore, we
could look to implement a digital potentiometer that can be changed with buttons instead
of an analog potentiometer (which is part of the current design) that requires the user to
turn it.

Statistical Analysis
Given that the data from all tests were only compared against the pre-specified engineering
specifications, minimal statistical analysis was required. We mainly used the percent difference
between the measured values and the engineering specification as a means of determining if the
test passed or failed. The equation for percent difference is given in Equation 1 below.
𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

|𝑉1−𝑉2|
(𝑉1+𝑉2)

× 100

(1)

2

For most tests, the sample size was chosen based on the nature of the specification, if the test was
destructive (drop test), or if the generated results would not vary between iterations (weight, size,
usability). For the repetition frequency test, for example, a sample size of four was chosen
because this allowed for two measurements to be taken at both ends of the range of available
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repetition frequency values. The sample sizes for other tests were chosen based on the time
constraints of the test. Measuring frequency, amplitude, and burst width was a time-intensive
process, and so sample sizes were chosen to allow for the full test to be run while allowing for
multiple measurements to be made to ensure consistent results. We still chose sample sizes for
these tests that we felt captured a sufficient amount of data. Because we were not comparing our
prototype to an existing device, there is no control group needed. Due to the fact that we were
only testing if the device met or failed to meet the engineering specifications, we also did not
have any experimental groups beyond the full prototype itself.
Testing Timeline
Because the final prototype consists of so many different parts assembled together and because
its function as a whole is dependent on specific electronic components, some electrical tests
(amplitude, frequency, and pulse width) were conducted during the manufacturing process and
before a final prototype was constructed. Most of these parameters were dictated by the
microcontroller code, so the manufacturing process was not considered complete until the code
gave the correct output. Once the final prototype was fully constructed, the remaining electrical
test (battery life), housing testing, and usability testing were conducted. The overall test plan and
process is given in the network diagram in Figure 33 below.

Figure 33. Test Plan Network Diagram. Network diagram showing the critical tasks to be
completed to test the wearable spinal cord stimulator prototype. The critical path is shown in the
shaded box. The task number (corresponding to those listed below in Table XI) is given at the
beginning of each task name and the number of days reserved for each task are denoted in the
parentheses at the bottom of each box.
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Preliminary electrical testing began in early January as we were working towards creating a
functional prototype by the end of the month. Due to setbacks with the electrical components, we
allocated more time to continue preliminary testing, consequently pushing back the expected
date of the full functional prototype. However, once the full prototype was completed, remaining
electrical testing was minimal, only requiring that we tested battery life. Housing durability and
strength testing were conducted with early iterations, while housing usability, size, and weight
testing had to be carried out once the complete prototype was constructed. Based on the results
of all tests, the housing and electronics were iterated and refined as necessary, leading to a
finalized prototype.The specific dates and necessary resources for each testing task on the
network diagram is given below in Test XII.
Table XII - Dates, Times, and Necessary Resources for Test Plan Tasks
Task Number

Network Diagram Task

Date(s) and Time(s)

Necessary Resources

1

Preliminary electrical
testing - amplitude,
modulating and repetition
frequency, pulse width, user
interface with buttons

January 3-28

Room(s): EE Lab
Equipment:
Oscilloscope
Personnel: Emma,
Abby

2

Create soldered breadboard
prototype

February 1

Room(s): Senior
Project Classroom
(192-330)
Equipment: Solder
Personnel: Emma

3

Full Assembly Prototype

February 1-4

Room(s): Senior
Project Classroom
(192-330)
Equipment: Screws,
cyanoacrylate glue
Personnel: All team
members

4

Remaining Electrical
Testing - battery life

February 8

Room(s): Senior
Project Classroom
(192-330), EE Lab
Equipment: Timer,
oscilloscope
Personnel: Emma,
Abby

5

Test housing size and
weight

February 10

Room(s): Senior
Project Classroom
(192-330)
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Equipment:Scale,
pot, pan
Personnel: Sydney,
Jonathan
6

Test housing strength of
attachment

February 15-17

Room(s): Senior
Project Classroom
(192-330), Cal Poly
Rec Center (43)
Equipment: Timer,
Personnel:
Consenting BMED
455 class members,
Sydney, Jonathan

7

Test housing durability

February 22

Room(s): Senior
Project Classroom
(192-330)
Equipment: Tape
measure
Personnel: Emma,
Abby

8

Test housing usability steps for removal and use

February 22

Room(s): Senior
Project Classroom
(192-330)
Equipment:
Functional prototype
Personnel: Sydney,
Jonathan

9

Iterate and refine housing
and electronics

February 22-25

Room(s): Senior
Project Classroom
(192-330), EE Lab
Equipment:
SolidWorks,
oscilloscope,
PSPICE, scale,
caliper, timer,
Arduino IDE
Personnel: All team
members

10

Finalize prototype

February 25

Room(s): Senior
Project Classroom
(192-330)
Equipment:
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SolidWorks, PSPICE,
Arduino IDE
Personnel: All team
members

Testing Data and Analyses
The following sections detail the data obtained from tests performed for electronics, housing, and
usability, noting whether each engineering specification was passed or failed based on the criteria
outlined in the testing protocol.
Electrical Testing
For all repetition frequency values measured – 3, 4, 98, and 99 Hz – there was a less than 1%
difference between the two measurements. All measurements passed based on the pass/fail
criteria defined in the test protocol. These values were close to the engineering specification
value (i.e. the value shown on the display screen). This is seen for all modulating frequency
values (4 kHz to 10 kHz) at which the repetition frequency was measured. Of the 28 sets of
measurements taken, 8 (29%) had a percent difference of zero. The highest percent difference,
0.079%, was between the two measurements taken at a modulating frequency of 4 kHz and a
repetition frequency of 99 kHz. Table XIII below lists the test data for the repetition frequency
specification, noting the two measured values, the percent difference between them, and if it
passed or failed at each modulating frequency value.
Table XIII - Test Data for Repetition Frequency Specification
Repetition Frequency (Hz)
Modulating
Frequency (Hz)

4000

5000

6000

Engineering
Specification

Measurement 1

Measurement 2

Percent Difference
(%)

Pass/Fail

3

3.0002

3.0002

0

Pass

4

4.0000

4.0002

0.004999875003

Pass

98

98.001

98.001

0

Pass

99

99.049

98.971

0.07877992122

Pass

3

3.0003

3.0003

0

Pass

4

4.0001

4.0001

0

Pass

98

98.001

98.001

0

Pass

99

98.99

98.971

0.01919570016

Pass

3

3.0002

3.0002

0

Pass

4

3.9999

4.0003

0.009999750006

Pass

98

98.001

98.02

0.01938567807

Pass
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7000

8000

9000

10000

99

98.971

98.971

0

Pass

3

3.0003

3.0004

0.00333294449

Pass

4

4.0001

3.9999

0.005

Pass

98

98.02

98.039

0.01938192075

Pass

99

99.069

99.03

0.03937425227

Pass

3

3.0002

3.0001

0.003333166675

Pass

4

4.0000

4.0003

0.007499718761

Pass

98

98.02

97.962

0.0591891092

Pass

99

98.971

98.971

0

Pass

3

3.0004

3.0002

0.006666000067

Pass

4

4.0002

4.0001

0.002499906254

Pass

98

97.982

98.001

0.01938943684

Pass

99

98.932

98.99

0.05860894696

Pass

3

3.0002

3.0003

0.003333055579

Pass

4

4.0003

4.0002

0.00249984376

Pass

98

98.039

98.02

0.01938192075

Pass

99

99.049

98.99

0.05958422331

Pass

The data from Table XIII is shown graphically in Figure 34 below, plotting modulating
frequency versus percent difference for all measured repetition frequency values. As indicated by
the red line, all percent differences are well below the threshold value of 5%. It is interesting to
note that the percent difference appears to generally increase as repetition frequency increases for
all modulating frequency values. However, given that all measurements passed easily, this
observed trend may be inconsequential, which is why no tests of statistical significance (i.e.
t-tests) were conducted.

71

Figure 34. Graph of modulating frequency versus percent difference for every repetition
frequency value measured – 3 Hz (orange), 4 Hz (blue), 98 Hz (yellow), and 99 Hz (green). The
threshold for passing is marked by a dashed red line with an arrow, noting that the threshold
value is above where the line indicates on the vertical axis.
The next set of measurements focused on modulating frequency, or the frequency between pulses
within a burst. The first test run within this set of measurements compared the modulating
frequency values of multiple pulses within one burst. The percent difference between these two
measurements for six out of the seven modulating frequency values was less than 1%, with one
modulating frequency value (10 kHz) having a percent difference of 1.005%, just slightly over
1% . Two out of the seven measurements (29%) had zero percent difference (7 kHz and 9 kHz).
All measurements passed. By inspection, all measurements were also very close to the
modulating frequency value shown on the display screen (representing the engineering
specification). Table XIV below provides the data from this test.
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Table XIV - Modulating Frequency Measurements for Multiple Pulses in One Burst
Modulating Frequency (Hz)
Engineering Spec

Measurement 1

Measurement 2

Percent Difference (%)

Pass/Fail

4000

4003

4000

0.07497188554

Pass

5000

4975

5000

0.5012531328

Pass

6000

6001

6002

0.01666250104

Pass

7000

6993

6993

0

Pass

8000

8000

8013

0.1623680759

Pass

9000

9009

9009

0

Pass

10000

10000

10101

1.004925128

Pass

A similar outcome to the one described above was seen when one pulse was measured in
multiple bursts instead of multiple pulses measured in a single burst. In this case, however, all
seven sets of measurements had a percent difference less than 1%, with the highest percent
difference being around 0.5% taken at 5 kHz. Therefore, all measurements passed this test as
well. Table XV lists the data for this test below.
Table XV - Modulating Frequency Measurements for One Pulse in Multiple Bursts
Engineering Spec
(Hz)

Measurement 1

Measurement 2

Percent Difference (%)

Pass/Fail

4000

4000

4000

0

Pass

5000

5025

5000

0.4987531172

Pass

6000

6002

5988

0.2335279399

Pass

7000

7003

7003

0

Pass

8000

7975

7987

0.1503570981

Pass

9000

8977

9009

0.355832314

Pass

10000

10000

10000

0

Pass

The data from Tables XIV and XV is illustrated in Figure 35 below, showing modulating
frequency versus percent difference for the two conditions outlined above (one pulse in multiple
bursts or multiple pulses in one burst). There does not appear to be a significant pattern or trend
in this data set for either condition. A dashed red line marks the threshold for passing (5%
percent difference), and all columns of data are shown to be well below that marking.
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Figure 35. Graph of modulating frequency versus percent difference for both evaluated
conditions – one pulse in multiple bursts (orange) and multiple pulses in one burst (blue). The
threshold for passing is marked by a dashed red line located at the threshold value (5%).
The next set of measurements was focused on burst width. Since burst width depends on the
modulating frequency, this test was run on all modulating frequency values. The data for the
starting burst width values for all modulating frequency values is given in Table XVI. As shown,
there was less than a 1% difference between all burst widths measured on the oscilloscope and
shown on the display screen (representing the engineering specification). The highest percent
difference, 0.9%, was at a modulating frequency of 9,000 Hz, and 5 out of the 7 measurements
had a percent difference of zero. Based on this data, all measurements passed the test. The
complete set of test data is given in Appendix M.
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Table XVI - Initial Burst Width Test Data at all Modulating Frequency Values
Modulating
Frequency (Hz)

Initial Burst
Width (µs)

Measured on
Oscilloscope

Percent
Difference (%)

Pass/Fail

4000

250

250

0

Pass

5000

200

200

0

Pass

6000

166

166

0

Pass

7000

142

142

0

Pass

8000

125

124.8

0.16013

Pass

9000

111

110

0.90498

Pass

1000

100

100

0

Pass

In order to make viewing the data more visually effective, the average percent difference for all
burst widths within a single modulating frequency value was calculated using Equation 2 given
below.
𝑛

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =

∑ 𝑥𝑖

𝑖=1

𝑛

(2)

All average percent differences were below 1%, with the majority being around 0.3% to 0.4%.
Table XVII below lists the average percent difference between display and measured burst width
value for every modulating frequency value.
Table XVII - Average Burst Width Test Data for All Modulating Frequency Values
Modulating Frequency (Hz)

Average Percent Difference Between Display
and Measured Burst Width Value

4000

0.177728

5000

0.380071

6000

0.311532

7000

0.308041

8000

0.379111

9000

0.434551

10000

0.512978
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Figure 36 below shows a graphical representation of the data listed in Table XVII. There does
not appear to be a clear trend between modulating frequency and average percent difference. A
dashed red line marks the threshold for passing (5% percent difference), and all columns of data
are shown to be well below that marking.

Figure 36. Graph of modulating frequency versus average percent difference of all burst width
values within the range specified by our engineering specifications. The threshold for passing is
marked by a dashed red line located at the threshold value (5%).
The next specification tested is the amplitude. Amplitude of the current depends on the gain
equation of the amplifier configuration and of the gain that the op amp is capable of handling.
For the OPA453, a gain of at least 5 is required to obtain stable results. Therefore, it is expected
that the op amp will decrease the difference between the expected and measured as the output
increases. If the difference in mA between the expected and measured is less than 1mA, it has
passed for that value. See the Conceptual Model section for the gain equation. The data for the
amplitude values at a fixed resistance is given in Table XVIII. Values above 5mA passed the
specification, and therefore the measurements conditionally passed the specification.
Table XVIII - Average Amplitude Test Data for Select Fixed Resistances
Current Expected (mA)

Actual Output (mA)

Difference (mA)

5

6.4

1.4

14.6

15.2

0.6

21.9

22.8

0.9

76

Table XIX below lists the data from the thermal testing done on the operational amplifier, which
is the electronic component expected to generate the most heat. For the first condition – no pulse
output (only quiescent current) and no fan – the initial temperature recorded represents room
temperature, which was 20℃ at the time this test was conducted. Within the first minute of
turning the device on, the temperature increased to 35.16 ℃, reflecting a change of 15.2 ℃. For
the remainder of the 10 minutes, the temperature increased by about 2 ℃ to reach a maximum
recorded temperature of 37.27 ℃ at 459 seconds (7 minutes and 39 seconds). Based on the
pass/fail criteria, this test passed by being well below the maximum case temperature of 107℃.
Upon completion of the test for this first condition, the device was connected to the oscilloscope
to test the thermal threshold when the op-amp is generating an output, and thus reflecting how it
will be used clinically. However, no output was generated when the oscilloscope was connected,
therefore the overall result of the thermal test failed. As a result, the remaining four conditions
could not be tested and all failed to meet the testing specification. Even after removing the
component from the soldered configuration and placing it on a breadboard there was no pulse
output. When the component was replaced with a new op amp, the pulses reappeared.
Table XIX - Operational Amplifier Thermal Testing
Condition

No pulse output (only
quiescent current)
No fan

Time (s)

Temperature (℉)

Pass/Fail

0

20

Pass

60

35.16

Pass

90

35

Pass

130

35.611

Pass

170

35.55

Pass

200

35.94

Pass

247

35.7

Pass

285

36.2

Pass

336

36.27

Pass

379

36.6

Pass

409

36.5

Pass

459

37.27

Pass

510

36.6

Pass

540

36.83

Pass

570

36.7

Pass
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600

36.7

Pass

630

36.9

Pass

Low: Current - 5 mA,
Modulating Freq. - 4 kHz,
Repetition Freq. - 10 Hz,
Burst Width - 250 µs
No fan

N/A

N/A

Fail

High: Current - 50 mA,
Modulating Freq. - 10
kHz, Repetition Freq. - 90
Hz, Burst Width - 2,000
µs
No fan

N/A

N/A

Fail

High: Current - 50 mA,
Modulating Freq. - 10
kHz, Repetition Freq. - 90
Hz, Burst Width - 2,000
µs

N/A

N/A

Fail

Low: Current - 5 mA,
Modulating Freq. - 4 kHz,
Repetition Freq. - 10 Hz,
Burst Width - 250 µs
With fan

N/A

N/A

Fail

The data from the first condition listed in Table XIX is represented below in Figure 37.

Figure 37. Graph of time versus external temperature of the operational amplifier’s heat sink
while generating no pulse output (only quiescent current of the op-amp) and using no fan.
The final electronic test focused on battery life. However, given the outcome of the thermal
testing, battery life testing was not conducted. The thermal test showed that the op-amp could not
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last longer than 10 minutes, there was an internal failure at an unknown time between zero and
10 minutes. Our engineering specifications state that the battery life needed to be at least 30
minutes, and so, being limited by the thermal threshold of the op-amp, battery life testing failed
to meet our engineering specifications.
Housing Testing
Every trial of the strength of attachment between device and patient test met the displacement
specification of 4 inches and passed. Quantitative and qualitative data collected during this test
can be seen below in Table XX and Table XXI, respectively. The average value of the belt
displacement during running was 0.759, which is just 20% of the 4 inch specification, and even
the maximum value of 1.575 inches is less than 40% of the specification.
Table XX - Displacement Of Belt From Original Position
Subject Number

Displacement From Original
Position (in)

Pass/Fail

1

1.375

Pass

2

0.25

Pass

3

0.20

Pass

4

1.575

Pass

5

0.39

Pass

Only 3 subjects gave qualitative data because 2 subjects were design team members and
therefore could not be completely objective when rating the device. The 3 subjects that gave
feedback rated the device highly: all subjects gave the best possible scores for comfort of belt
while standing and difficulty of putting on and taking off belt, and the lowest value given for
comfort of belt while running was an 8 out of 10. This is summarized in Table XXI below.
Table XXI - Subject Usability Feedback
Subject Number

Comfort of Belt
While Standing
(1-10)

Comfort of Belt
While Running
(1-10)

Difficulty of Putting
On and Taking Off
Belt (10-1)

1

10

8

1

2

10

9

1

3

10

9

1
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Housing durability was assessed by a drop test. Detailed observations after each drop are seen
below in Table XXII. Throughout all 5 drops, all electrical components remained in place, the
LED stayed lit, the housing did not sustain any cracks, no external components (display, select
buttons, power buttons) were dislodged or damaged, and the battery door remained in its place.
The drop test prototype met the specification of no cracks or detachment after 5 drops, therefore
passing the test.
Table XXII - Drop Test Observations
Drop #

Electrical
Component
Detachment
(Y/N)

LED State
(On/Off)

Cracks in
Outer Housing
(Y/N)

Displacement /
Damage of
External
Components
(Y/N)

Battery Door
Separation
(Y/N)

Pass/Fail

1

N

On

N

N

N

Pass

2

N

On

N

N

N

Pass

3

N

On

N

N

N

Pass

4

N

On

N

N

N

Pass

5

N

On

N

N

N

Pass

Usability
Housing size was assessed through a volume test. Results for all 10 trials can be seen below in
Table XXIII. Only 4 trials of the size test passed with a volume value of 31.5 in3 or less. The
other 7 trials, as well as the test average, were over a 5% difference from the specification target
value of 30 in3.
Table XXIII - Volume Test Results
Test #

Volume (in3)

Percent Difference
From Spec

Pass/Fail

1

34.0

12.50

Fail

2

31.9

6.14

Fail

3

30.2

0.66

Pass

4

27.8

7.61

Fail

5

31.4

4.56

Pass

6

34.3

13.37

Fail
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7

32.7

8.61

Fail

8

29.9

0.33

Pass

9

32.7

8.61

Fail

10

34.2

13.08

Fail

Average

31.9

6.14

Fail

Housing weight test determined that the weight of the fully assembled prototype is 400g, as seen
in Figure 38 below. A weight of 400g is equal to 0.882lb, which is less than the target
specification value of 1 lb. The prototype, therefore, passes the weight test.

Figure 38. Weight Test of Final Prototype
Tests for the number of steps to operate the device and number of steps to remove the housing
system from the body were not conducted due to device failure during thermal testing. Because
the op amp cannot last longer than 10 minutes, we could not allow test subjects to turn on the
device for undefined periods of time during usability testing without a risk of device instability.
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Discussion
Test data was examined to determine whether our prototype reflects customer requirements and
to determine what improvements can be made to the design and model.
Implications of Test Data
Electronics
As demonstrated in the Test Data and Analyses section, all tests relating to the frequency of the
waveform output (repetition frequency, modulating frequency, and burst width) passed according
to the pass/fail criteria. These tests mainly focused on taking two separate waveform
measurements (either two separate pulses or two separate bursts) and confirming that the
measurements were the same. Since there was a less than 1% difference between measurements,
this suggests that the frequency modulation code can generate a consistent and correct output.
Furthermore, it was important during these tests to confirm that changing modulating frequency
does not change the repetition frequency, and vice versa, as these are two independent
parameters. This was confirmed through the results listed in Table XIII, as the measurements for
the repetition frequency values were close (if not the same) for all modulating frequency values.
When testing the repetition frequency, it was also important to confirm that the code was
accurate for all values, which is why two measurements were taken at the low end of the range of
values and two at the high end. The results listed in Table XIII also confirm that the code is
accurate for the range of repetition frequency values, as measurements for 3 Hz, 4 Hz, 98 Hz,
and 99 Hz, were all accurate.
In contrast to modulating frequency and repetition frequency needing to be controlled
independently, the modulating frequency and pulse width parameters are interdependent; when
the modulating frequency changes, the burst width must also change. This is because the burst
width is determined by the number of pulses in a burst, and the width, or duration, of the
individual pulses is determined by the modulating frequency. This interdependent relationship is
confirmed by the results listed in Table XVI. As shown, the range of possible burst width values
differs for each modulating frequency value, and the measurements show that the output is
accurate for all values.
The data for the amplitude values at a fixed resistance is given in Table XVIII. Due to the nature
of the oscilloscope measurements, amplitude had to be measured in voltage and then converted
to current. Values above 5mA passed the specification and it is unlikely that less than 5mA will
be administered to the patient and therefore this is not a major concern, but should be noted. Due
to limited capability of the final prototype, it was difficult to do extended amplitude testing.
For the thermal test, it was determined that the op-amp had an internal failure, likely due to
reaching a condition outside the safe operating zone. See the datasheet for the OPA453 op amp
the safe operating zone. Further testing on the internal failure and the specific time or
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temperature of the failure was unable to be done because of the limited number of op amps
available.
This may have occurred either to inaccuracies in the equation used to determine the maximum
case temperature, or if a spike in voltage occurred. It is also possible that because the
measurement was taken from the exposed portion of the heat sink, the actual case temperature
may have been higher— but it is unlikely that it was significantly higher because it was never
too hot to touch.
Housing
The housing prototype was demonstrated to meet customer requirements for device attachment
as the results from the run test exceeded the strength of attachment specification. Although the
test was conducted using a prototype without electronics inside due to risk of damage to the parts
and to test subjects, the final prototype would have performed similarly. The main function of the
test was to assess the attachment system, and the internal components of the device have a
negligible effect on the belt function.
The drop test results met the specification for housing durability, therefore meeting customer
requirements for secure housing. The prototype used in the drop test was constructed from
polylactic acid (PLA), while the final prototype uses acrylonitrile butadiene styrene (ABS). The
ultimate tensile stress and Young’s modulus of both materials were researched to compare their
brittleness. ABS was found to be less brittle than PLA, given that its minimum ultimate tensile
strength is 377 psi [40] compared to PLA’s 23.2 psi [41] and its maximum Young’s modulus is
2.9 GPa [42] compared to PLA’s 4.0 GPa [43]. This means that the final prototype made out of
ABS has a higher breaking point and lower stiffness than the prototype used in the drop test, so
would perform even better.
The electronics used in the drop test prototype were also not the final configuration, but replicate
essential components of the final prototype and indicate its success. Including the LED in the
electronics setup assessed if dropping the device will damage its electrical connections (which
would shut off the LED). Attaching the PCB to the battery plate via standoffs assessed the
method by which the final prototype electronics are held in place. The buttons and display will
be unchanged in the final version of the prototype. These drop test results simulate the final
device and demonstrate that the methods of attachment are sufficient.
Usability
The housing prototype failed the volume test so did not fully meet customer requirements for
small, wearable housing. Our test plan stated the contingency step of rearranging electronic
components if the volume test failed. Although this was not completed due to project time
constraints, given that the average volume was only 6% higher than the specification, it is likely
that this could lead to a solution in the future.
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Although the housing prototype failed the volume test, it did pass the weight test, coming in at
around 12% below specification. This means that the housing prototype did partially meet the
customer requirement of small, wearable housing.
The prototype did not undergo testing for the number of steps to operate the device and the
number of steps to remove the housing system from the body. The device failed thermal testing
and could not remain turned on longer than 10 minutes, so user testing was not possible.
However, the protocols designed for each test lay out the testing processes in fewer steps than are
needed to pass the testing. The protocols, seen in the usability section of the Test Plan, describe
device operation in 7 steps and device removal in 3 steps. The number of operation and removal
steps described in the protocol are less than or equal to their specifications of 15 and 5 steps,
respectively. If users are able to follow the protocol, customer requirements for an easy to sue
device will be met.
Future Improvements and Further Considerations
Although the majority of the testing specifications were met, there were critical tests that failed:
most importantly, the thermal test. Because of this, along with other design considerations, there
are many future improvements that can be made to the device to ensure better functionality and
usability.
Housing
It is important to note that this model is a prototype and does not reflect the final appearance or
shape of the stimulator. Due to the pace of this course, breakout boards were primarily used in
favor of custom printing a PCB board for the electronics. Several of these boards have additional
features that are not critical to this design and could be removed if a custom PCB board that
integrated only the necessary components were to be manufactured. This means that the housing
and “wearable” portion of the stimulator is much larger in the prototype than it would be in a
model that would actually be marketed.
This housing design was also created for 3D printing; if it were to be mass produced, injection
molding would be a better option and some tolerances and part intricacies may need to be
adjusted. Additionally, if battery testing were to be done and the results exceeded the
requirements as estimated, a smaller battery could be selected to decrease the overall size.
Another way to decrease size and make the device more wearable would be using the BLE
portion of the microcontroller to create an app controlled user interface— eliminating the need
for buttons. The position of the buttons on the current design also makes it hard for the user to
press the buttons – mainly the select button to turn the stimulation on and off – while they are
wearing it without the help of another person. Controlling the user interface via an app would
help to address this issue as well.
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Electronics
There are several options to consider for electronics that could improve the device’s safety and
efficiency:
-

Thermal: Improved heat dissipation beyond the heat sink and fan currently implemented
should be added to the device.

-

Bipolar waveform: To protect the patient’s nerves, a bipolar functionality should be
added. This will most likely involve the use of transistors, as the microcontroller cannot
handle negative input voltage.

-

Op Amps: There is potential for better stimulation ranges using this same design by
simply changing the op amp being used. Originally the LTC6090 was tested, but due to
its small size and overheating when soldering, it was unable to be used. However, the
capabilities of this op amp are superior and if a custom PCB board were to be used it
would be a good option to consider. The OPA454 is another op amp that was considered,
but supply shortages prevented it from being used.

-

Potentiometer user design: Currently the current amplitude is controlled by an analog
potentiometer. This is not an ideal method, as analog potentiometers are subject to wear
and can have ‘dead’ spots. The relationship between the resistance and the current output
is also not linear, which makes it difficult for the user to select high current values
precisely. Implementing a different method of amplitude control, like a digital
potentiometer or a microcontroller with analog output (DAC), would be preferable but
was not feasible for the scale of this project.

-

Safety: An additional safety feature that should be considered, and is not included in this
design, is protecting against stimulation duration. If stimulation duration to the patient
exceeds a set amount of time well out of the expected parameters, the device should shut
down because a malfunction has occurred. One way to potentially implement this is by
putting a capacitor between the output current and the patient— if it becomes fully
charged there will be no more current flow.

It is also important to consider the body resistance of the patient. A body resistance over 1000
ohms may limit the output capabilities of the stimulator. The approximation of body resistance
was taken from the technical specification document of the Neo-Stim 5, the current device in use
by the sponsors.
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Conclusion
This document summarizes the project scope, designs, manufacturing information, testing
protocols, and test results to be reviewed by project sponsors. It includes a summary of the
understanding of the problem, background research, initial problem assessment and objectives,
and a project management plan.
Based on research and conversations with the sponsors, a project morphology was created, which
led to the development of three comprehensive concept sketches. Each concept sketch was
evaluated and compared using a decision matrix (using Pugh’s method), leading to a winning
concept. Conceptual models were created for the three main device components— op-amp
circuit, housing, and microcontroller— to verify theoretical calculations and design mechanical
systems. The conceptual models were iterated and refined, leading to critical designs that were
prototyped and manufactured, as outlined in the Prototype Manufacturing Plan.
Once the prototype had been manufactured according to these plans, we carried out the tests
outlined in the test plan to ensure that the prototype met all previously defined engineering
specifications. The data generated from these tests was analyzed to determine if each test passed
or failed. While the majority of the tests were passed, there were critical tests that failed. This led
to the discussion regarding future improvements and considerations of the device to improve the
overall efficacy and safety. Even without these future improvements, the resulting prototype and
design is a step forward in creating a wearable spinal cord stimulator for the transcutaneous
delivery of electrical stimulation.
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Appendix
(A) House of Quality
Table XXIV - House of Quality.
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(B) Gantt Chart

Figure 39. Full Gantt chart.

C-1

(C) Budget
Table XXV - Final Project Budget.

D-1

(D) Individual Pugh Matrices

Figure 40. Combined image showing individual Pugh matrices for concept evaluation.
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(E) Failure Modes and Effects Analysis
Table XXVI - Failure Modes and Effects Analysis

F-1

(F) Housing CAD Conceptual Model

Figure 41. CAD model of centerplate with isometric view (left) and top view (right).

Figure 42. CAD model of screws and buttons.

Figure 43. CAD model of top compartment cover
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F-2

Figure 44. CAD model of bottom compartment cover.

G-1

(G) Microcontroller Code
#include <Adafruit_SH110X.h>
#include <Adafruit_BusIO_Register.h>
#include <Adafruit_I2CDevice.h>
#include <Adafruit_I2CRegister.h>
#include <Adafruit_SPIDevice.h>
#include <Adafruit_GFX.h>
#include <splash.h>
#include <SPI.h>
#include <Wire.h>
#include <JC_Button.h>
// https://github.com/JChristensen/JC_Button
#include <SAMDTimerInterrupt.h>
//https://github.com/khoih-prog/SAMD_TimerInterrupt
const int DOWN_BUTTON = 5;
Button downBtn(DOWN_BUTTON); // down button
const int UP_BUTTON = 4;
Button upBtn(UP_BUTTON); // up button
const int SELECT_BUTTON = 3;
Button selectBtn(SELECT_BUTTON); // select button
const unsigned longPress = 3000;
int
int
int
int
int

menuItem = 1; //numbers each item in the main menu
page = 1; //numbers each page
subMenuItem = 1; //numbers each item in the "Stimulation ON/OFF” page
onMenuItem = 1; //numbers each item in the "Start Stimulation" page
offMenuItem = 1; //numbers each item in the "End Stimulation" page

//FREQUENCY GLOBAL VARIABLES
const int BURSTPIN = 8;
unsigned
float
float
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
volatile
bool
unsigned
unsigned

long

PulseFreq
= 4000; //freq of square waves in burst
PulsePeriod;
//(1/PulseFreq)
PulsePeriodOn;
//half of PulsePeriod
long
PulsePerioduS;
//uS
long
PulsePeriodOnuS;
//uS
long
BurstRateHz
= 1;
//how often do bursts happen
long
BurstRatePerioduS;
long
BurstCount;
//num. of square waves in burst
long
BurstDuration
= 250; //depends on PulseFreq
long
BurstDurationStep;
long
BurstOffTimeuS;
//delay between bursts
long
thisDelay;
unsigned long BurstLoopControl;
DoBursts
= false;
long
minutes
= 60000;
long
stimulationTime
= 20;

G-2

// Init SAMD timer TIMER_TC3
SAMDTimer Timer1(TIMER_TC3);
const int TIMER0_INTERVAL_uS

= 5e5;

//POTENTIOMETER GLOBAL VARIABLES
unsigned int Rpot;
//solving for resistance of potentiometer
unsigned int varduino = 3.3;
//V
unsigned int Rfix
= 100;
//fixed resistor is 99 ohms
float
currentAmp;
float
currentAmpDevice;
#define
#define
#define
#define
#define
#define

OLED_RESET 4
OLED_ADDR 0x3C
SCREEN_WIDTH 128
SCREEN_HEIGHT 64
WHITE MONOOLED_WHITE
BLACK MONOOLED_BLACK

// OLED display width, in pixels
// OLED display height, in pixels

Adafruit_SH1106G display = Adafruit_SH1106G(SCREEN_WIDTH, SCREEN_HEIGHT, &Wire,
OLED_RESET);
void setup()
{
pinMode(BURSTPIN, OUTPUT);
calculateTimes();
Serial.begin(115200);
display.begin();
display.clearDisplay();
display.display();
downBtn.begin();
upBtn.begin();
selectBtn.begin();

// initialize the button object

display.setRotation(2); //rotate display screen 180 degrees
}
void loop() {
drawMenu();
upBtn.read();
if (upBtn.wasReleased())
{
switch(page
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{
case 1:
menuItem--;
if (menuItem == 0) menuItem = 5;
break;
case 2:
PulseFreq += (PulseFreq >= 10000) ? 0 : 1000;
BurstDuration = (1E6/PulseFreq);
calculateTimes();
break;
case 3:
BurstRateHz += (BurstRateHz >= 99) ? 0 : 1;
calculateTimes();
break;
case 4:
BurstDuration += (BurstDuration >= 2000) ? 0 : BurstDurationStep;
calculateTimes();
break;
case 6:
subMenuItem--;
if (subMenuItem == 0) subMenuItem = 4;
break;
case 7:
onMenuItem--;
if (onMenuItem == 0) onMenuItem = 2;
break;
case 8:
offMenuItem--;
if (offMenuItem == 0) offMenuItem = 2;
break;
case 9:
stimulationTime += (stimulationTime >= 60) ? 0 : 5;
break;
}
}
downBtn.read();
if (downBtn.wasReleased())
{
switch(page)
{
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case 1:
menuItem++;
if (menuItem == 6) menuItem = 1;
break;
case 2:
PulseFreq -= (PulseFreq <= 4000) ? 0 : 1000;
BurstDuration = (1E6/PulseFreq);
calculateTimes();
break;
case 3:
BurstRateHz -= (BurstRateHz <= 1) ? 0 : 1;
calculateTimes();
break;
case 4:
BurstDuration -= (BurstDuration <= BurstDurationStep) ? 0 :
BurstDurationStep;
calculateTimes();
break;
case 6:
subMenuItem++;
if (subMenuItem == 5) subMenuItem = 1;
break;
case 7:
onMenuItem++;
if (onMenuItem == 3) onMenuItem = 1;
break;
case 8:
offMenuItem++;
if (offMenuItem == 3) offMenuItem = 1;
break;
case 9:
stimulationTime -= (stimulationTime <= 40) ? 0 : 5;
break;
}
}
selectBtn.read();
if (selectBtn.wasReleased())
{
if (page == 1 && menuItem == 1) page = 2;
else if (page == 2)
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{
page = 1;
menuItem = 1;
}
else if (page == 1 &&
else if (page == 3)
{
page = 1;
menuItem = 2;
}
else if (page == 1 &&
else if (page == 4)
{
page = 1;
menuItem = 3;
}
else if (page == 1 &&
else if (page == 5)
{
page = 1;
menuItem = 4;
}
else if (page == 1 &&
else if (page == 6 &&
else if (page == 7 &&
else if (page == 6 &&
else if (page == 8 &&
else if (page == 6 &&
else if (page == 9)
{
page = 6;
subMenuItem = 3;
}
else if (page == 6 &&
{
page = 1;
menuItem = 5;
}
}

menuItem == 2) page = 3;

menuItem == 3) page = 4;

menuItem == 4) page = 5;

menuItem == 5) page = 6;
subMenuItem == 1) page = 7;
onMenuItem == 2) page = 6;
subMenuItem == 2) page = 8;
offMenuItem == 2) page = 6;
subMenuItem == 3) page = 9;

subMenuItem == 4)

if (selectBtn.pressedFor(longPress))
{
switch(page)
{
case 7:
if (onMenuItem == 1)
{
DoBursts =! DoBursts;
page = 10;
}
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break;
case 8:
if (offMenuItem == 1)
{
DoBursts = false;
page = 11;
}
break;
}
}
//READING THE POTENTIOMETER
unsigned int sensorValue = 0;
for(int x=0; x<10; x++)sensorValue += analogRead(A0);
fixed resistor
sensorValue /=10;
float vfix = sensorValue * (3.3 / 1023.0);
it voltage (V)
Rpot = ((varduino/vfix)*Rfix) - Rfix;
currentAmp = (vfix/Rfix)*1000;

//read voltage across

//scale variable to make
//using voltage division

}
void drawMenu()
{
if (page == 1) //main menu
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(35,0);
display.print("MAIN MENU");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(0,15);
if (menuItem == 1) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Modulating Frequency");
display.setCursor(0,25);
if (menuItem == 2) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Repetition Frequency");
display.setCursor(0,35);
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if (menuItem == 3) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Burst Width");
display.setCursor(0,45);
if (menuItem == 4) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Current Amplitude");
display.setCursor(0,55);
if (menuItem == 5) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Stimulation ON/OFF");
display.display();
}
else if (page == 2) //sub-menu within modulating frequency
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(5,0);
display.print("MODULATING FREQUENCY");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(5,15);
display.print("Value (Hz)");
display.setTextSize(2);
display.setCursor(5,25);
display.print(PulseFreq);
display.setTextSize(2);
display.display();
}
else if (page == 3) //sub-menu within repetition frequency
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(5,0);
display.print("REPETITION FREQUENCY");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(5,15);
display.print("Value (Hz)");
display.setTextSize(2);
display.setCursor(5,25);
display.print(BurstRateHz);
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display.setTextSize(2);
display.display();
}
else if (page == 4) //sub-menu within burst width
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(5,0);
display.print("BURST WIDTH");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(5,15);
display.print("Value (uS)");
display.setTextSize(2);
display.setCursor(5,25);
display.print(BurstDuration);
display.setTextSize(2);
display.display();
}
else if (page == 5) //sub-menu within current amplitude
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(5,0);
display.print("CURRENT AMPLITUDE");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(5,15);
display.print("Value (mA)");
display.setTextSize(2);
display.setCursor(5,25);
display.print(currentAmp);
display.setTextSize(2);
display.display();
}
else if (page == 6) //sub-menu within stimulation on/off
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(10,0);
display.print("STIMULATION ON/OFF");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(0,15);
if (subMenuItem == 1) display.setTextColor(BLACK,WHITE);
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else display.setTextColor(WHITE,BLACK);
display.print(">Start Stimulation?");
display.setCursor(0,25);
if (subMenuItem == 2) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">End Stimulation?");
display.setCursor(0,35);
if (subMenuItem == 3) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Set Time");
display.setCursor(0,45);
if (subMenuItem == 4) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Go Back to MAIN MENU");
display.display();
}
else if (page == 7) //sub-menu within start stimulation
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(10,0);
display.print("START STIMULATION");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(10,17);
if (onMenuItem == 1) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(" Hold SELECT Button");
display.setCursor(10,25);
display.print("for 3 seconds to");
display.setCursor(10,33);
display.print(" begin stimulation");
display.setCursor(10,47);
if (onMenuItem == 2) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print("Go back to previous page");
display.setTextSize(1);
display.display();
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}
else if (page == 8) //sub-menu within
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(15,0);
display.print("END STIMULATION");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(10,17);
if (offMenuItem == 1) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(" Hold SELECT button");
display.setCursor(10,25);
display.print("for 3 seconds to");
display.setCursor(10,33);
display.print(" stop stimulation");
display.setCursor(0,47);
if (offMenuItem == 2) display.setTextColor(BLACK,WHITE);
else display.setTextColor(WHITE,BLACK);
display.print(">Go back to previous page");
display.setTextSize(1);
display.display();
}
else if (page == 9)
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(5,0);
display.print("SET TIME");
display.drawFastHLine(0,10,128,WHITE);
display.setCursor(5,15);
display.print("Value (min)");
display.setTextSize(2);
display.setCursor(5,25);
display.print(stimulationTime);
display.setTextSize(2);
display.display();
}
else if (page == 10)
{
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display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(20,20);
display.print("Stimulation");
display.setCursor(20,30);
display.print("has started!");
display.display();
}
else if (page == 11)
{
display.setTextSize(1);
display.clearDisplay();
display.setTextColor(WHITE,BLACK);
display.setCursor(20,20);
display.print("Stimulation");
display.setCursor(20,30);
display.print("has ended!");
display.display();
}
}
void calculateTimes()
{
PulsePeriod
=
PulsePeriodOn
=
PulsePerioduS
=
PulsePeriodOnuS
=
BurstDurationStep =
BurstRatePerioduS =
BurstOffTimeuS
=
BurstCount
=

((float)(1/(float)PulseFreq));
PulsePeriod/2;
((unsigned long)(PulsePeriod*1E6))-4;
((unsigned long)(PulsePeriodOn*1E6))-4;
(PulsePeriodOnuS + 4)*2;
1E6L/BurstRateHz;
BurstRatePerioduS - BurstDuration;
(unsigned long)(BurstDuration / (PulsePerioduS));

if (Timer1.attachInterruptInterval(BurstRatePerioduS, GenerateBurst))
Serial.println(F("Starting Timer1 OK"));
else Serial.println(F("Can't set Timer1."));
}
void GenerateBurst()
{
if (millis() <= minutes*stimulationTime)
{
if (DoBursts == true)
{
for(BurstLoopControl=0;BurstLoopControl<BurstCount;BurstLoopControl++)
//BurstCount pulses determine the length of the BURST
{
digitalWrite(BURSTPIN, HIGH);
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delayMicroseconds(PulsePeriodOnuS);
digitalWrite(BURSTPIN, LOW);
delayMicroseconds(PulsePeriodOnuS);
}
}
}
else if (millis() > minutes*60)
{
BurstCount = 0;
page = 11;
}
else if (DoBursts == false)
BurstCount = 0;
}
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(H) Primitive Housing Critical Models and Drawings

Figure 45. Housing Assembly Exploded View

Figure 47. Housing Centerplate Assembly:
Below View

Figure 46. Housing Assembly Trimetric View

Figure 48. Housing Centerplate Assembly:
Trimetric View
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Figure 49. Housing Centerplate & Battery Plate Drawing Units: Inches

Figure 50. Housing Outer Casing Above Trimetric View

Figure 51. Housing Outer Casing - Below
Trimetric View
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Figure 52. Housing Outer Casing Drawing Units: Inches
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(I) Electrical Components Datasheets
Fuse: 0.1 A- Datasheet link
Operational Amplifier: OPA453- Datasheet link
Battery: Panasonic Lithium Ion- Datasheet link
Boost Board- Datasheet link
Microcontroller: Arduino nano 33 IoT- Datasheet link
Display: Datasheet link
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(J) Hazard and Risk Assessment Outline
Table XXVII - Hazard and Risk Assessment
Team: UCSF Spinal Cord Stimulator

Advisor: Britta Berg-Johansen

Y/N
1. Will any part of the design create hazardous revolving, reciprocating, running, shearing,
punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar action, including
pinch points and sheer points? NO
2. Can any part of the design undergo high accelerations/decelerations? NO
3. Will the system have any large moving masses or large forces? NO
4. Will the system produce a projectile? NO
5. Would it be possible for the system to fall under gravity creating injury? YES
6. Will a user be exposed to overhanging weights as part of the design? NO
7. Will the system have any sharp edges? NO
8. Will any part of the electrical systems not be grounded? NO
9. Will there be any large batteries or electrical voltage in the system above 40 V? YES
10. Will there be any stored energy in the system such as batteries, flywheels, hanging
weights, or pressurized fluids? YES
11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the system? NO
12. Will the user of the design be required to exert any abnormal effort or physical posture during
the use of the design? NO
13. Will there be any materials known to be hazardous to humans involved in either the design or
the manufacturing of the design? NO
14. Can the system generate high levels of noise? NO
15. Will the device/system be exposed to extreme environmental conditions such as fog, humidity,
cold, high temperatures, etc.? NO
16. Is it possible for the system to be used in an unsafe manner? YES
17. Will there by any other potential hazards not listed above? If yes, please explain on
reverse. YES
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(K) Housing Model and Drawings

Figure 53. Top view of device without top compartment and bottom view of device with
transparent bottom compartment
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Figure 54. Isometric view of device

Figure 55. Isometric view of device, underside.
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Figure 56. Detailed drawing of top compartment case (top, side, and bottom views). Units in
mm.
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Figure 57. Auxiliary views of the top compartment to show features. Units in mm.
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Figure 58. Detailed drawing of centerplate. Units in mm.
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Figure 59. Detailed drawing of bottom compartment case. Units in mm.
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Figure 60. Battery access clip detailed drawing. Units in mm.
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Figure 61. Battery holding plate detailed drawing. Units in mm.
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(L) Test Data
Table XXVIII - Burst Width Measurements
PulseFreq (Hz)

4000

5000

6000

Measured on
Oscilloscope

Burst Width (uS)

Percent Difference
(%)
Pass/Fail

250

250

0 Pass

500

497

0.6018054162 Pass

750

749

0.1334222815 Pass

1000

1001

0.09995002499 Pass

1250

1249

0.08003201281 Pass

1500

1503

0.1998001998 Pass

1750

1751

0.05712653528 Pass

2000

2005

0.2496878901 Pass

200

200

0 Pass

398

400

0.5012531328 Pass

596

600

0.6688963211 Pass

794

798

0.5025125628 Pass

992

992

0 Pass

1190

1196

0.5029337804 Pass

1388

1394

0.4313443566 Pass

1586

1592

0.3775959723 Pass

1784

1790

0.3357582541 Pass

1982

1990

0.4028197382 Pass

2180

2190

0.4576659039 Pass

166

166

0 Pass

332

331

0.3016591252 Pass

498

497

0.2010050251 Pass

664

666

0.3007518797 Pass

830

835

0.6006006006 Pass

996

996

0 Pass

1162

1163

0.08602150538 Pass

1328

1337

0.6754221388 Pass

1494

1499

0.3341129302 Pass

1660

1665

0.3007518797 Pass

1826

1833

0.3826182017 Pass

1992

2001

0.4507888805 Pass

2158

2167

0.4161849711 Pass
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7000

8000

9000

142

142

0 Pass

284

283

0.3527336861 Pass

426

427

0.2344665885 Pass

568

570

0.3514938489 Pass

710

710

0 Pass

852

853

0.1173020528 Pass

994

994

0 Pass

1136

1141

0.4391743522 Pass

1278

1282

0.3125 Pass

1420

1427

0.4917456972 Pass

1562

1569

0.4471414883 Pass

1704

1711

0.4099560761 Pass

1846

1857

0.5941128814 Pass

1988

1996

0.4016064257 Pass

2130

2140

0.4683840749 Pass

125

124.8

0.1601281025 Pass

249

247.2

0.7255139057 Pass

373

375.2

0.588078054 Pass

497

498.2

0.2411575563 Pass

621

620.2

0.1289075089 Pass

745

747.2

0.2948666399 Pass

869

871.2

0.2528445006 Pass

993

996.2

0.3217373819 Pass

1117

1119.2

0.1967623647 Pass

1241

1244.2

0.2575245453 Pass

1365

1371.2

0.4531832468 Pass

1489

1495.2

0.4155217479 Pass

1613

1620.2

0.4453791909 Pass

1737

1746.2

0.5282498852 Pass

1861

1870.2

0.4931389365 Pass

1985

1993.2

0.4122467448 Pass

2109

2120.2

0.5296509978 Pass

111

110

0.9049773756 Pass

221

221

0 Pass

331

332

0.3016591252 Pass

441

442

0.2265005663 Pass

551

551

0 Pass
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10000

661

662

0.1511715797 Pass

771

774

0.3883495146 Pass

881

886

0.5659309564 Pass

991

996

0.5032712632 Pass

1101

1109

0.7239819005 Pass

1211

1218

0.5763688761 Pass

1321

1327

0.4531722054 Pass

1431

1435

0.2791346825 Pass

1541

1550

0.5823358137 Pass

1651

1659

0.4833836858 Pass

1761

1771

0.5662514156 Pass

1871

1879

0.4266666667 Pass

1981

1991

0.5035246727 Pass

2091

2104

0.6197854589 Pass

100

100

0 Pass

198

198

0 Pass

296

296

0 Pass

394

396

0.5063291139 Pass

492

494

0.4056795132 Pass

590

594

0.6756756757 Pass

688

690

0.290275762 Pass

786

788

0.2541296061 Pass

884

888

0.4514672686 Pass

982

988

0.6091370558 Pass

1080

1086

0.5540166205 Pass

1178

1186

0.6768189509 Pass

1276

1286

0.7806401249 Pass

1374

1384

0.7251631617 Pass

1472

1484

0.8119079838 Pass

1570

1580

0.6349206349 Pass

1668

1678

0.5977286312 Pass

1766

1778

0.6772009029 Pass

1864

1876

0.6417112299 Pass

1962

1974

0.6097560976 Pass

2060

2078

0.8699855002 Pass
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Table XXIX - Average Amplitude Test Data for Select Fixed Resistances
Current
Expected
(mA)

Actual
Output
(mA)

Differenc
e (mA)

Expected
Output
(V)

Total
Output
(V)

Output
Across
Fixed
Resistance
(V)

Nominal
Load (𝝮)

Empirical
Load (𝝮)

Nominal
Fixed (𝝮)

Empirical
Fixed (𝝮)

5

6.4

1.4

10

12.56

6.43

1000

997.58

1000

995.6

14.6

15.2

0.6

19.6

20.43

5

1000

997.58

330

328.62

21.9

22.8

0.9

26.9

27.62

5.06

1000

997.58

220

219.29

